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A gene from Saccharomyces cerevisiae has been mapped,
cloned, sequenced and shown to encode a catalytic
subunit of an N-terminal acetyltransferase. Regions of
this gene, NATI, and the chloramphenicol acetyltrans-
ferase genes of bacteria have limited but significant
homology. A nat) null mutant is viable but exhibits a
variety of phenotypes, including reduced acetyltrans-
ferase activity, derepression of a silent mating type locus
(HML) and failure to enter Go. AU these phenotypes are
identical to those of a previously characterized mutant,
ardl. NAT) and ARD) are distinct genes that encode
proteins with no obvious similarity. Concomitant over-
expression of both NAT) and ARD) in yeast causes a
20-fold increase in acetyltransferase activity in vitro,
whereas overexpression of either NAT) or ARD) alone
does not raise activity over basal levels. A functional
iso-l-cytochrome c protein, which is N-terminally
acetylated in a NAT) strain, is not acetylated in an
isogenic nat) mutant. At least 20 other yeast proteins,
including histone H2B, are not N-terminally acetylated
in either nat) or ard) mutants. These results suggest that
NAT1 and ARD1 proteins function together to catalyze
the N-terminal acetylation of a subset of yeast proteins.
Key words: Saccharomyces cerevisiae/N-terminal acetyl-
transferase/gene/mutant
Introduction
N-Terminal acetylation is one of the most common protein
modifications. Several studies have revealed that between
50 and 90% of all eukaryotic proteins are N-terminally
acetylated (Driessen et al., 1985), thus suggesting that
N-terminal acetylation must serve an important function.
Since N-terminal acetylation of a polypeptide chain blocks
the action of exopeptidases, Jornvall (1975) and others have
long suggested that the function of the modification could
be to protect proteins from degradation. Although no clear
examples of in vivo protection from exopeptidases have been
reported, N-terminal acetylation appeared to increase the
thermal stabilities of NADP-specific glutamate dehydro-
genase from Neurospora crassa (Siddig et al., 1980) and
ribosomal S5 protein from Escherichia coli (Cumberlidge
and Isono, 1979). Recently, Johnson et al. (1988) suggested
that N-terminal acetylation enhanced the stability of murine
hypoxanthine phosphoribosyltransferase in vivo.
Furthermore, N-terminal acetylation affects the activity of
some of the peptides derived from proopiomelanocortin
(Smyth and Zakarian, 1980). However, N-terminal acetyla-
tion of isozymes I and H of yeast alcohol dehydrogenase did
not affect either their stability or activity (Jornvall et al.,
1980). Apparently a subset of all proteins is N-terminally
acetylated, but only a portion of this subset requires the
modification.
N-Terminal acetylation occurs co-translationally in in vitro
translation systems, usually when there are between 20 and
50 residues extruding from the ribosome (Driessen et al.,
1985). Acetylation may occur on the initiator methionine
residue, but often the methionine is cleaved by a specific
aminopeptidase and the newly exposed residue is then
acetylated. Although the residues most frequently found to
be acetylated are serine, alanine and methionine, other
residues may also be substrates for this modification (Persson
et al., 1985).
An N-terminal acetyltransferase has been found to be
loosely associated with ribosomes, as has methionine
aminopeptidase (Yoshida and Lin, 1972; Pestana and Pitot,
1975). The acetyltransferase has been partially purified from
several sources (Tsunasawa et al., 1980; Glembotski, 1982)
and very recently an N-terminal acetyltransferase from
Saccharomyces cerevisiae was purified and characterized
(Lee et al., 1988). This enzyme acetylated a number of
peptides in vitro that corresponded to the amino-terminal
region of naturally acetylated proteins.
In a screen directed toward finding a yeast mutant defective
in histone acetyltransferase activity, we isolated a strain that
Table I. Acetyltransferase activity in NAT1 and natl-l strains from
two tetrads
Tetrad Activity (c.p.m.)a NAT] TRPI
250C 370C
2a 3850 1100 +
2b 3200 350 - +
2c 3450 500 - +
2d 3700 1100 + -
3a 3300 950 +
3b 3450 1100 + -
3c 3800 350 - +
3d 3000 400 - +
aAcetyltransferase assays were performed as described in Materials and
methods. Assays at 370C were with extracts that had been pre-heated
at 45° C for 8 min, while the assays at 250C were with unheated ex-
tracts.
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of 0.5%. Spheroplasts were incubated for 15-30 min on ice and pelleted
(5500 g) for 8 min at 4° C. NIB incubation followed by pelleting was repeated
twice. The crude nuclear pellet was resuspended in cold 100 mM Tris pH
6.8, 0.4 M NaCl, 1 mM PMSF and incubated for 10 min on ice. Nuclei
were pelleted (5500 g, 8 min, 4° C) and the salt wash was repeated with
a 5 min incubation on ice. Pelleted nuclei were then resuspended in 1.35ml cold water containing 1 mM PMSF. One tenth volume (0.15 ml) of
4 N H2SO4 was added while swirling and the histones were extracted on
ice overnight. Slurries were centrifuged 10 min at 12 000 g at 40C.Supernatants were transferred to 15 ml Falcon tubes, filled with coldacetone/HCI (acetone:5 M HCI, 99:1), mixed, and put at -20° C overnight.
Histones were pelleted at 10 000 g for 10 min. Pellets were lyophilized
and resuspended in loading buffer for Triton-acid-urea gels.
Triton - acid - urea gels
12% Acrylamide (30:0.2) gels (13 cm long, 14 cm wide, 1.5 mm thick)
were made containing 8 M urea (IBI), 0.37% Triton X-100, 0.9 N acetic
acid, 0.125% ammonium persulfate, and 0.125% TEMED (Alfageme et
al., 1974; Zweidler, 1978). After polymerization, gels were pre-
electrophoresed for at least 6 h at 150 V, until amperage was constant. Wells
were loaded with 1 M cysteamine (Sigma), 8 M urea, 0.9 N acetic acid
and the gels were electrophoresed for another hour at 150 V. Wells were
cleaned and fresh buffer was placed in both upper and lower chambers.
Histones in loading buffer (8 M urea, 10% glycerol, 0.9 N acetic acid,
5% BME, 0.25% methyl green) were boiled for 5 min, cooled and loaded
on gels. Histones were electrophoresed at 115 - 125 V for 19-21 h, until
the blue component of the dye was at the bottom of the gel. Gels were stained
with Coomassie Blue R (Sigma) and prepared for fluorography (Bonner
and Laskey, 1974; Laskey and Mills, 1975).
[35S]Methionine labeling of proteins
Strains were grown overnight in supplemented SD medium lacking
methionine and then diluted to a density of -5 x 106 cells/mi. When the
culture reached -2 x 107 cells/ml, 1 ml of cells was labeled with 0.1 mCi
of [35S]methionine (Dupont) for 15 min at 30° C. Labeled cells were
transferr d to an Eppe dorf tube and wash d twice with ice-cold water.
The c lls were resuspended in 0.1 ml water and an equal volume of 0.45 Amglass bea s wa added. Cells w re vortexed for 10 s and 0.1 ml of 0.6%
SDS, 2% BME, 100 mM Tris pH 8.0 (maintained at 100° C) was added.
The mixture was vortexed for 1 s and 0.1 ml was removed (avoiding glass
beads) and added to an Eppendorf tube on ice containing 10 Al RNase/DNasesolution (1 mg/mi DNase, 0.5 mg/ml RNase, 500mM Tris pH 7.0,50 mMMgCl2). Protein samples were incubated for 1 min on ice and then frozen
at -700C.
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tion of isozymes I and H of yeast alcohol dehydrogenase did
not affect either their stability or activity (Jornvall et al.,
1980). Apparently a subset of all proteins is N-terminally
acetylated, but only a portion of this subset requires the
modification.
N-Terminal acetylation occurs co-translationally in in vitro
translation systems, usually when there are between 20 and
50 residues extruding from the ribosome (Driessen et al.,
1985). Acetylation may occur on the initiator methionine
residue, but often the methionine is cleaved by a specific
aminopeptidase and the newly exposed residue is then
acetylated. Although the residues most frequently found to
be acetylated are serine, alanine and methionine, other
residues may also be substrates for this modification (Persson
et al., 1985).
An N-terminal acetyltransferase has been found to be
loosely associated with ribosomes, as has methionine
aminopeptidase (Yoshida and Lin, 1972; Pestana and Pitot,
1975). The acetyltransferase has been partially purified from
several sources (Tsunasawa et al., 1980; Glembotski, 1982)
and very recently an N-terminal acetyltransferase from
Saccharomyces cerevisiae was purified and characterized
(Lee et al., 1988). This enzyme acetylated a number of
peptides in vitro that corresponded to the amino-terminal
region of naturally acetylated proteins.
In a screen directed toward finding a yeast mutant defective
in histone acetyltransferase activity, we isolated a strain that
Table I. Acetyltransferase activity in NAT1 and natl-l strains from
two tetrads
Tetrad Activity (c.p.m.)a NAT] TRPI
250C 370C
2a 3850 1100 +
2b 3200 350 - +
2c 3450 500 - +
2d 3700 1100 + -
3a 3300 950 +
3b 3450 1100 + -
3c 3800 350 - +
3d 3000 400 - +
aAcetyltransferase assays were performed as described in Materials and
methods. Assays at 370C were with extracts that had been pre-heated
at 45° C for 8 min, while the assays at 250C were with unheated ex-
tracts.
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Fig. 1. Restriction map of pJM100. pJM100 contains - 15 kb of genomic DNA, including three genes: NATJ, SIR2 and RNAJJ. The map order of
these three genes with respect to the centromere (CENIV) is indicated. The map order was determined by tetrad analysis from crosses of appropriately
marked haploid strains (see Materials and methods). Restriction sites are abbreviated as follows: BamHI (B), XhoI (X), HindlIl (H), SphI (Sph).
was defective in acetyltransferase activity as judged by an
in vitro assay. Further analysis demonstrated that the product
of the gene we had cloned and disrupted was not involved
in the irreversible acetylation of the N terminus of a subset
of yeast proteins. This gene was designated NATJ (N-
terminal acetyltransferase). The nat] mutant exhibited slow
growth, failure to sporulate, failure to enter Go and failure
to 'silence' one of the mating type cassettes, identical to the
phenotypes of a previously characterized mutant, ardl
(Whiteway and Szostak, 1985; Whiteway et al., 1987). Our
data suggest that the NAT] and ARD] gene products are
subunits of an N-terminal acetyltransferase in yeast, and that
the pleiotropic effects seen in these mutants are due to the
lack of N-terminal acetylation of certain yeast proteins.
Results
Screening for natl
The original natl-l mutation was found by screening a
collection of conditional lethal temperature-sensitive (ts)
mutants (Hartwell, 1967; Klyce and McLaughlin, 1973) for
protein acetyltransferase activity in vitro. Crude yeast
extracts were assayed using [3H]acetyl CoA as donor and
calf histones as substrate (Travis et al., 1984). A mutant
was found which had less than normal acetyltransferase
activity, particularly in extracts heated to 45° C for 8 min
prior to the assay. This procedure inactivated other acetyl-
transferase activities in the extracts. (See Materials and
methods for details concerning the assay and Table I for
typical results.) When this mutant was crossed to a wild-
type strain, the resulting tetrads segregated 2:2 for decreased
heat-stable acetyltransferase activity, indicating the presence
of a single nuclear mutation (Table I). In the first backcross,
it became clear that the acetyltransferase defect did not co-
segregate with the ts phenotype. Strains carrying the nat]-l
mutation alone were not ts for growth and displayed no
obvious phenotypes.
Cloning NAT1
In the first backcross, it was also noted that the nat]-]
mutation was linked to TRPI on chromosome IV (Table I).
Analysis of 11 tetrads resulted in 8:0:3 segregation [parental
ditype (PD):non-parental ditype (NPD):tetratype (TT)] for
nat]-] and trp] indicating that the two genes are - 14 cM
apart. A second backcross further revealed that the nat]-]
mutation was tightly linked to the RNA]] gene (PD:NPD:TT
= 30:0:2). In order to clone NAT], a nat]-] rnallts double
mutant was constructed and transformed with a YCp50-based
yeast genomic library (Rose et al., 1987). Temperature-
resistant transformants were assayed for acetyltransferase
activity in vitro and several were found to have wild-type
levels. Thus, these RNA]] clones probably also contained
the NAT] gene. When these transformants were examined,
they had one plasmid in common, pJM100 (Figure 1).
Subsequent analysis of pJM100 and comparison with
published work established that NAT], the gene SIR2 (Shore
et al., 1984; Ivy et al., 1986) and RNA]] (Last et al., 1984)
are adjacent genes, as shown in Figure 1. The identification
of the RNA]I gene has since been verified by Chang et al.
(1988).
NATi and chloramphenicol acetyltransferase
sequences have limited similarity
The DNA sequence of the entire NAT] gene was determined,
and is shown in Figure 2. It revealed a single large open
reading frame (ORF) coding for a protein of 853 amino acids
with a mol. wt of 98.7 kd. The putative NAT] protein
sequence was compared to 6418 protein sequences in
available databases using standard dynamic programming
alignment methods. The resulting scores were normalized
for systematic differences due to their length. The highest
normalized score (corresponding to the closest relationship)
was found for chloramphenicol acetyltransferase (CAT)
(EC 2.3.1.28) from E.coli. Other CAT enzymes in the
databases had scores which were lower, but still above the
expected values for random scores.
The profile analysis method for detecting distantly related
proteins (Gribskov et al., 1987) was used to investigate this
finding further. A profile was made from the sequences of
five CAT enzymes: two from E.coli, two from Staphylo-
coccus aureus and one from Bacillus pumilus. This profile,
when compared to the NATI sequence, reveals two regions
with some similarity, as shown below. The first region of
similarity includes NATI residues 148- 171 and CAT
residues 18-41. If the alignment of the two proteins is
continued past this region, we find that Phe-55 of CAT,
which helps form the acetyl CoA binding site (Leslie et al.,
1988), is conserved as Phe-185 of NATI. The second region
of similarity, residues 681-713 of NAT1 and 80-116 of
CAT, also contains a conserved residue, Phe-96 of CAT
corresponding to Phe-694 of NAT1 (see below). This residue
in CAT is also known to be involved in acetyl-CoA binding
(Leslie et al., 1988). This similarity, in combination with
the biochemical analysis of null mutants described below,
leads us to conclude that the NAT] gene product is the
catalytic subunit of an N-terminal acetyltransferase.
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10 20 30 40 50 60 70TCAATGAGAGGACTGCTAGGAAGCTCTTTGAGTTGATTATATATCGCTATTATCT*TAAGGGATACTGC
60 90 100 110 120 130 140 150TAATTTCATTATTGTACAACTGGAGACATGATAGGCCTGTGTGCCACCATTGCATGACCTTGCTMTGAG
160 170 160 190 200 210 220CTCGCTGrCTTCCGTATCCACTT&ACCCTGCTCGCCTCGACACCATATACAGATAGAGGAGA
230 240 250 260 270 280 290 300CGAAAATGAAAAAGTTTCTACACTCAAAGTCAACCTTTMGTGATGTTCAGATTCCTTGTTMGACA
310 320 330 340 350 360 370AATACCATT^GAMAGGCGATTGACCCTAACGAAGTATGTCTAGGAAAGAAGTACTMAGCCCAAGCCAGCAGCTMetSerArgLysArgSerThrLyeProLysProAlAla
380 390 400 410 420 430 440 450AAATAGC 1 1 GAAAAAGAATGACCAGTTCCTCGAGGCATTGAAACTATACGAAGGGAAGCAATACAAAALy5IleAlaLeuLysLysGluAnAspGlnPheLouGlugAL.uLyaL uTyrGluGlyLysGlnTyrLysLys
460 470 480 490 S00 510 520TCTCTCAAGCTGCTAGACGCATTTTGAAAGACGGTAGTCACGTGATTCCTTGGCT AGGGTCTTGAT
530 540 550 560 570 580 590 600TTATATTCTGTAGGTGAGAAGATGACGCTGCTTCCTACGTGGCTMTGCCATCAGMAA TTCGA CGCTTCALeuTyrSerValGlyGluLysAspAspA1aAleSerTyrValAlAsnAla I .ArgLyIl lGluGlyAlMSer
610 620 630 640 650 660 670GCATCACCMTCTGCTGTCATGTATTAGGTATCTACATGAGAACACCAAGAGTACAAGMTCTATTAATGGAlaSerProIleCy*CyaHloValLouGlylleTyrNotArgAanThrLyaGluTyrLyaGluSer IeLysTrp
680 690 700 710 720 730 740 750TTCACGGCAGCTTTGACATGGGTCCACTACAGCAATATATAGAGACTTAGCACrrTAATCACAMTTPheThrAlaAlaL uAsnAanGlySerThrAonLyeGlnIleTyrArgAspL*uAlaThrL uGlnS rGlnI l
760 770 780 790 600 610 620GGCGAmCAAAAATGCTTTAGTGTCCAGGAAAAGTATTGGGMGCATTCCTTGGTTACCGTGCMCTGGACAGlyAspPheLyuAsnAlaLeuValSerArgLyaLyuTyrTrpGluAlaPheLeuGlyTyrAr.AlaA.nTrpThr
830 840 850 860 670 660 890 900TCATTGGCCTGTGGCACMGATGTGMCGGTGAAGGCCMCMGCTAnTMCACTTTrATCTCAGm-GAMMCTCSerLeuAlaValAlaGlnAapValAsnGlyGluArgGlnGlnAlaIleAsnThrLeuSerGlnPheGluLyaLeu
910 920 930 940 950 960 970GCTGAGCGGAAMTATCTGATTCCGAGAAATATGAACACAGCGAGTGCTTMTGTACAAAACGACATtATGTATAlaGluGlyLyIIleSerAspSerGluLysTyrGluHiaSerGluCysL.uetcTyrLysAsnAspI .MetTyr
980 990 1000 1010 1020 1030 1040 1050AAAGCTGCCAGTGATAACCAAGACAAGTTACAAATGTATTGAACAmGMTGATATCGAGCCATGCGTCcTrLyaAlaAleSerAspAsnGlnAspLyaLeuGlnAunValLeuLysHIsLeuAmnAepzleGluProCygValPhe
1060 1070 1080 1090 1100 o10 1120GATAAMTfGGTTTATTAGAGAGMAAGCAACTATTTACATGAAATTGGGTCAATTGAAAGACGCGTCCATTIGIAspLysPheGlyLeuLeuGluArgLyeAlThr IleTyrMetLyeLeuGlyGlnLeuLyaAapAlaS.rIleVal
1130 1140 1150 1160 1170 1180 1190 1200TATAGAACTCTGATCAAGAGAAATCCAGATATTTTAGTACTACAAMTTACTGGAAGATCCTTGnGATCCMTyrArsThrLeuIleLyaArsAsnProAspAenPheLysTyrTyrLyaL.uLeuGluValSerLeuGly I leGln
1210 1220 1230 1240 1250 1260 1270GGTGACAATAMTTGAAGAAGGCTTTGTATGGAACTTGAACAArMFTATCCMGATGCGMCCACCCAAAMT1GlyAspAmnLyaLeuLyeLyeAlaLeuTyrGlyLyaL.uGluGlnPheTyrProAr&CyaGluProProLysPhe
1280 1290 1300 1310 1320 1330 1340 1350ATTCCATTAACTTTCCTTCAACACAAAGAACAGCTCAGCAAAAMTTGAGACGAATATCTTrTGCCTCMTTGGACIleProLeuThrPheLeuClnAspLyaGluGluLeuSerLy.LyeL.uArgCluTyrVelLeuProGlnL.uClu
1360 1370 1380 1390 1400 1410 1420CGCGGTGTTCCACCAACTITTTCCMCGTGAAACCCCTTTACCAAGAAGGAAGTCCAAGGTTTCACCACTATTGArSGlyValProA1aThrPhOS@rAOnV8lLysProLeuTyrClnArgArgLysSerLysValSerProL.uL.u
1430 1440 1450 1460 1470 1480 1490 1500GAGAAAATTGTCCTTGATTATFCTTCCGCATTAGATCCTACCCACGATCCAATTCCTTTTATTTGCACCAATTATGluLysIleVClLuAspTyrLuSerClyLAuAspProThrGCnACpProllProPhIleTrpThrAanTyr
1510 1520 1530 1540 1550 1560 1570TACTTGTCTCAACATTTCCTTFTCCTTAAGGATfl?CCCAAAGCCCAAGAATATATTGATGCTGCCCTTGACCACTyrLeuSerGlnHNiPhOLAuPh@L uLySA8pPhOProLyCAlaGInGluTyrI leApAlaAlaL.uAspHis
1580 1590 1600 1610 1620 1630 1640 1650ACCCCAACTTTAGTTCACTTTTACATCCTCAAGCCACGTATCCTCAAGCACM ACCCCTAATGCACACAGCGCTThrProThrLeuValGluPheTyrIleLeuLyeAlaArgIleL.uLyeHlaL.uGlyL.uHetAspThrAlaAla
1660 1670 1680 1690 1700 1710 1720GGAATTTTGGAGGAAGGTAGGCACTTCArTCCAGGATAGATTATCAACTGTMMCGGTTMGTACT1-1TMAGly lelLeuGluGluGlyArgGlnLeuAspLeuGlnAspArgPhe leAsnCyaLysThrValLyaTyrPheL.u
1730 1740 1750 1760 1770 1780 1790 1800
AGCCCTAACAATATCGACAAGGCGGTGGAAGTCGCGTCCCTITTCACCMAMCACATGArTCTGTTAATGGTATT
ArgAlaAunAmnI leAspLysAlaValGluValAlaSerLeuPheThrLyeAsnA&pAspS.rValAsnGlyI le
1610 1820 1830 1840 1850 1660 1870AAGGACTTACACCTTGTGGAAGCTTTGGTTATCGTAGAACAGGCAGAAGCCTATTATAGACTATACCTGGATAGA
Ly&A.pL.uHisLeuValGluAlaL.uValIleValGluGlnAlaGluAlaTyrTyrArgL.uTyrLeuAspArg
1660 1890 1900 1910 1920 1930 1940 1950
AAAAAGAATTAGACGATTTAGCATCGCTAAAAAAAGAGGTTGAAAGTGATAAAAGCGMCAAATTGCGAATGATLyuLy.LyeL.uAspAspLeuAlaSerLeuLyeLyeGluValGluSerAspLy.SerGluGlnlleAlaAsnAIp
1960 1970 1980 1990 2000 2010 2020
ATCAAAGAAAACCAATGGCTTGTTCGCAAATATAAGGTTGGCGCTGAAMGATTCAACGCTATTCCAAACm
I leLyaGluAsnGlnTrpL.uValArgLysTyrLyaGlyLeuAlaLeuLysArgPheAsnAlaI leProLyoPhe
2030 2040 2050 2060 2070 2080 2090 2100
TATAAACAATTCGAAGATGACCAGTTGCATTTCCATTCATACTGTATGAGAAAAGGTACGCCAACAGCCTATCTG
TyrLysGInPheGluAspAspGlnLeuAspPheHiSeSrTyrCy.MetArgLyGClyThrProArgAlaTyrL.u
2110 2120 2130 2140 2150 2160 2170GAGATGTTAGAATGGGGCMGGCACTTTATACCAAACCCATGTATGTTCGCGCAATGAAGGMGCATCAAAGCTT
CluMetLeuGluTrpGlyLysAlaLeuTyrThrLysProKetTyrValArgAleMetLyeGluAlaSerLyuLeu
2180 2190 2200 2210 2220 2230 2240 2250TACmCAAATGCATGATGATCGCTTAAAAAGAGTCCGATTCTTTAGATGAAAATTCAGATGAAATCCMAAT
TyrPheGlnMatHisAspAspArgLeuLyuArgLysSerAspSerL.uAspGluAsnSerAspGlu I eGlGnAan
2260 2270 2280 2290 2300 2310 2320
AATGGCCAMATAGTAGCAGCCMAAGAAAAAAGCTAAGAAGGAAGCAGCCGCTATGAACAAACGGAAAGAAACT
AanGlyGlnAsnSerSerSerGlnLyeLysLysAlaLysLyuGluAIaAlaAlIaMetAnLysArgLy.GluThr
2330 2340 2350 2360 2370 2380 2390 2400GAAGCCAACAGTGTTGCTGCTTATCCGAGTGATCAAGATAACGATGTATTCGGCGMAAGTTGATTGMACCTCC
GluAlaLyuSerValAl&AA&TyrProSerAspClnAspAsnAspValPheGlycluLysLeuIleGluThrSer
2410 2420 2430 2440 2450 2460 2470ACTCCAATGGAGGACTTCGCTACCGMTTTATAATAACTACTCCATGCMGTCAGAGMGACGAAAGGGATTAT
ThrProMetGluAapPheAlaThrGluPheTyrAsnAanTyrSerMetGlnValArgGluAspGluArgAspTyr
2480 2490 2500 2510 2520 2530 2540 2550ATTTGGACTTGAATTTAACTACAGAATTGGAAAGTTAGCTTTGTGCTTGCTTCTCTMACAAATTCGCTAAG
I1@LuA%ApPh*GluPh*AsnTyrArgI leGlyLysLeuAlaL uCysPheAlaSerLeuAsnLyuPheAlaLys
2560 2570 2580 2590 2600 2610 2620AGATIGTGGCACCACGAGCGGTTTATTTGGTAGTATGGCCATTGTTTTGTTACATGCCACAAGAAACGACACCCCC
ArgPheGlyThrThrSerGlyLeuPheGlySerMetAlaI leValLeuLeuHisAlaThrArgAnAgpThrPro
2630 2640 2650 2660 2670 2680 2690 2700
M GATCCAATTTTGAAGMAGTACTCACGAGACCCTTGMAAA AGAGTATTCTG ATTTCCCATTACGM
PheAopProIleL.uLysLysValValThrLyeSerLeuGluLysGluTyrSerGluAsnPheProLeuAsnGlu
2710 2720 2730 2740 2750 2760 2770ATATCTAACAATACCrTCGATTGGCTGCAATTTACCAAGATTCGGTAAGMTGATATAAATGGCCTGCTA
I 1eSerAenAanSerPheAspTrpLeuAsnPheTyrGlnGluLy.Ph.GlyLy.AsnspI leAsnGlyLeuLeu
2780 2790 2800 2810 2820 2830 2840 2850TTTCTGTATCGCTATCGCGATGATGTTCCGATCGGAAGCTCTAAmGAAAGAATGATTATTAGCAGTCTTrCTPheLeuTyrArgTyrAr&A*pA&pValProIleGlySerSerAsnLeuLysGluMet I Ie I eSerSerLeuSer
2860 2870 2880 2890 2900 2910 2920CCCTTGGAGCCTCACTCCCAGAACGAAATTCTACAGTATTACTTGTAGCCTGCMCTCCTCMTGTGTCAATTM
ProLeuGluProHteSerGlnAsnCluI leLeuGlnTyrTyrLeu--
2930 2940 2950 2960 2970 2980 2990 3000CTC7TACTTAATTATGTATATAnTTTATGTATATGCrrATATGCATGCGCATATGCTCATAAAAGATACATT
3010 3020 3030 3040 3050 3060 3070CTTATAGGTCAmCTTC CCAAGCTACATCTACCACTCCTTCCMCCATGGTCCAGGACAGCCAGGACCTTTTC
3080 3090 3100 3110 3120 3130 3140 3150rlGCCAAAATTCTTGCTrFCCCATCTCAGAGCAAAACGAGGAATTTCTTTGTCCTCTTTGGCCGCCAGTTGC
3160 3170 3180 3190 3200 3210 3220GCTAAAATATTTTTrTTCTAGGTCGCATAGTTTGAAAGACTTGTCTTTTTCACCACCMGMAATATAIATTAG
3230 3240 3250 3260 3270 3280 3290 3300TCAAGACATGTAAAGCCCATTCTCACCTATTTCAACGATTAC CCATCGCT CGTAGACACATTCACCATTT
3310 3320 3340 3350
TTCCCTCATCGCCACATTAAGCTGCATGACCATCCCACATATC
SIR 2
Fig. 2. DNA sequence of NATI. The sequence of NAT] from nucleotide 1 to nucleotide 2975 was determined by standard methods (see Materials and
methods). The sequence from nucleotides 2976 to 3354 is from Shore et al. (1984). The beginning of the SIR2 ORF is indicated by an arrow. There
is complete agreement in the overlap region from nucleotides 2710 to 2975, sequenced by both our group and Shore et al. (1984). The putative protein
sequence of NAT] is indicated.
NATI: 4 8 RKKY WE A F LGYRANWTS LAVA Q DV 7 1 natl mutants exhibit a variety of phenotypes
A nat] null mutation (natl-5) was constructed by removing
CAT: 1 8 RKEHFEAFQSVAQCTYNQTVQLDI 41 the coding sequence from the XhoI site to the SphI site
(Figure 1), replacing it with the LEU2 gene, and transplacing
NATI: 6 8 GE K L I E T S T P ME D- F AT E F YNNYS MQVREDERDY 713 this DNA into the yeast genome. Although natl nui mutants
..* * * * * * * * are viable, they grow more slowly than isogenic NAT]
CAT: 8 0 GELVI WDSVHPCYTVFHEQTETFSSL'SEYHDDFRQF 116 strains. As expected, these mutants exhibit decreased
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10 20 30 40 50 60 70TCAATGAGAGGACTGCTAGGAAGCTCTTTGAGTTGATTATATATCGCTATTATCT*TAAGGGATACTGC
60 90 100 110 120 130 140 150TAATTTCATTATTGTACAACTGGAGACATGATAGGCCTGTGTGCCACCATTGCATGACCTTGCTMTGAG
160 170 160 190 200 210 220CTCGCTGrCTTCCGTATCCACTT&ACCCTGCTCGCCTCGACACCATATACAGATAGAGGAGA
230 240 250 260 270 280 290 300CGAAAATGAAAAAGTTTCTACACTCAAAGTCAACCTTTMGTGATGTTCAGATTCCTTGTTMGACA
310 320 330 340 350 360 370AATACCATT^GAMAGGCGATTGACCCTAACGAAGTATGTCTAGGAAAGAAGTACTMAGCCCAAGCCAGCAGCTMetSerArgLysArgSerThrLyeProLysProAlAla
380 390 400 410 420 430 440 450AAATAGC 1 1 GAAAAAGAATGACCAGTTCCTCGAGGCATTGAAACTATACGAAGGGAAGCAATACAAAALy5IleAlaLeuLysLysGluAnAspGlnPheLouGlugAL.uLyaL uTyrGluGlyLysGlnTyrLysLys
460 470 480 490 S00 510 520TCTCTCAAGCTGCTAGACGCATTTTGAAAGACGGTAGTCACGTGATTCCTTGGCT AGGGTCTTGAT
530 540 550 560 570 580 590 600TTATATTCTGTAGGTGAGAAGATGACGCTGCTTCCTACGTGGCTMTGCCATCAGMAA TTCGA CGCTTCALeuTyrSerValGlyGluLysAspAspA1aAleSerTyrValAlAsnAla I .ArgLyIl lGluGlyAlMSer
610 620 630 640 650 660 670GCATCACCMTCTGCTGTCATGTATTAGGTATCTACATGAGAACACCAAGAGTACAAGMTCTATTAATGGAlaSerProIleCy*CyaHloValLouGlylleTyrNotArgAanThrLyaGluTyrLyaGluSer IeLysTrp
680 690 700 710 720 730 740 750TTCACGGCAGCTTTGACATGGGTCCACTACAGCAATATATAGAGACTTAGCACrrTAATCACAMTTPheThrAlaAlaL uAsnAanGlySerThrAonLyeGlnIleTyrArgAspL*uAlaThrL uGlnS rGlnI l
760 770 780 790 600 610 620GGCGAmCAAAAATGCTTTAGTGTCCAGGAAAAGTATTGGGMGCATTCCTTGGTTACCGTGCMCTGGACAGlyAspPheLyuAsnAlaLeuValSerArgLyaLyuTyrTrpGluAlaPheLeuGlyTyrAr.AlaA.nTrpThr
830 840 850 860 670 660 890 900TCATTGGCCTGTGGCACMGATGTGMCGGTGAAGGCCMCMGCTAnTMCACTTTrATCTCAGm-GAMMCTCSerLeuAlaValAlaGlnAapValAsnGlyGluArgGlnGlnAlaIleAsnThrLeuSerGlnPheGluLyaLeu
910 920 930 940 950 960 970GCTGAGCGGAAMTATCTGATTCCGAGAAATATGAACACAGCGAGTGCTTMTGTACAAAACGACATtATGTATAlaGluGlyLyIIleSerAspSerGluLysTyrGluHiaSerGluCysL.uetcTyrLysAsnAspI .MetTyr
980 990 1000 1010 1020 1030 1040 1050AAAGCTGCCAGTGATAACCAAGACAAGTTACAAATGTATTGAACAmGMTGATATCGAGCCATGCGTCcTrLyaAlaAleSerAspAsnGlnAspLyaLeuGlnAunValLeuLysHIsLeuAmnAepzleGluProCygValPhe
1060 1070 1080 1090 1100 o10 1120GATAAMTfGGTTTATTAGAGAGMAAGCAACTATTTACATGAAATTGGGTCAATTGAAAGACGCGTCCATTIGIAspLysPheGlyLeuLeuGluArgLyeAlThr IleTyrMetLyeLeuGlyGlnLeuLyaAapAlaS.rIleVal
1130 1140 1150 1160 1170 1180 1190 1200TATAGAACTCTGATCAAGAGAAATCCAGATATTTTAGTACTACAAMTTACTGGAAGATCCTTGnGATCCMTyrArsThrLeuIleLyaArsAsnProAspAenPheLysTyrTyrLyaL.uLeuGluValSerLeuGly I leGln
1210 1220 1230 1240 1250 1260 1270GGTGACAATAMTTGAAGAAGGCTTTGTATGGAACTTGAACAArMFTATCCMGATGCGMCCACCCAAAMT1GlyAspAmnLyaLeuLyeLyeAlaLeuTyrGlyLyaL.uGluGlnPheTyrProAr&CyaGluProProLysPhe
1280 1290 1300 1310 1320 1330 1340 1350ATTCCATTAACTTTCCTTCAACACAAAGAACAGCTCAGCAAAAMTTGAGACGAATATCTTrTGCCTCMTTGGACIleProLeuThrPheLeuClnAspLyaGluGluLeuSerLy.LyeL.uArgCluTyrVelLeuProGlnL.uClu
1360 1370 1380 1390 1400 1410 1420CGCGGTGTTCCACCAACTITTTCCMCGTGAAACCCCTTTACCAAGAAGGAAGTCCAAGGTTTCACCACTATTGArSGlyValProA1aThrPhOS@rAOnV8lLysProLeuTyrClnArgArgLysSerLysValSerProL.uL.u
1430 1440 1450 1460 1470 1480 1490 1500GAGAAAATTGTCCTTGATTATFCTTCCGCATTAGATCCTACCCACGATCCAATTCCTTTTATTTGCACCAATTATGluLysIleVClLuAspTyrLuSerClyLAuAspProThrGCnACpProllProPhIleTrpThrAanTyr
1510 1520 1530 1540 1550 1560 1570TACTTGTCTCAACATTTCCTTFTCCTTAAGGATfl?CCCAAAGCCCAAGAATATATTGATGCTGCCCTTGACCACTyrLeuSerGlnHNiPhOLAuPh@L uLySA8pPhOProLyCAlaGInGluTyrI leApAlaAlaL.uAspHis
1580 1590 1600 1610 1620 1630 1640 1650ACCCCAACTTTAGTTCACTTTTACATCCTCAAGCCACGTATCCTCAAGCACM ACCCCTAATGCACACAGCGCTThrProThrLeuValGluPheTyrIleLeuLyeAlaArgIleL.uLyeHlaL.uGlyL.uHetAspThrAlaAla
1660 1670 1680 1690 1700 1710 1720GGAATTTTGGAGGAAGGTAGGCACTTCArTCCAGGATAGATTATCAACTGTMMCGGTTMGTACT1-1TMAGly lelLeuGluGluGlyArgGlnLeuAspLeuGlnAspArgPhe leAsnCyaLysThrValLyaTyrPheL.u
1730 1740 1750 1760 1770 1780 1790 1800
AGCCCTAACAATATCGACAAGGCGGTGGAAGTCGCGTCCCTITTCACCMAMCACATGArTCTGTTAATGGTATT
ArgAlaAunAmnI leAspLysAlaValGluValAlaSerLeuPheThrLyeAsnA&pAspS.rValAsnGlyI le
1610 1820 1830 1840 1850 1660 1870AAGGACTTACACCTTGTGGAAGCTTTGGTTATCGTAGAACAGGCAGAAGCCTATTATAGACTATACCTGGATAGA
Ly&A.pL.uHisLeuValGluAlaL.uValIleValGluGlnAlaGluAlaTyrTyrArgL.uTyrLeuAspArg
1660 1890 1900 1910 1920 1930 1940 1950
AAAAAGAATTAGACGATTTAGCATCGCTAAAAAAAGAGGTTGAAAGTGATAAAAGCGMCAAATTGCGAATGATLyuLy.LyeL.uAspAspLeuAlaSerLeuLyeLyeGluValGluSerAspLy.SerGluGlnlleAlaAsnAIp
1960 1970 1980 1990 2000 2010 2020
ATCAAAGAAAACCAATGGCTTGTTCGCAAATATAAGGTTGGCGCTGAAMGATTCAACGCTATTCCAAACm
I leLyaGluAsnGlnTrpL.uValArgLysTyrLyaGlyLeuAlaLeuLysArgPheAsnAlaI leProLyoPhe
2030 2040 2050 2060 2070 2080 2090 2100
TATAAACAATTCGAAGATGACCAGTTGCATTTCCATTCATACTGTATGAGAAAAGGTACGCCAACAGCCTATCTG
TyrLysGInPheGluAspAspGlnLeuAspPheHiSeSrTyrCy.MetArgLyGClyThrProArgAlaTyrL.u
2110 2120 2130 2140 2150 2160 2170GAGATGTTAGAATGGGGCMGGCACTTTATACCAAACCCATGTATGTTCGCGCAATGAAGGMGCATCAAAGCTT
CluMetLeuGluTrpGlyLysAlaLeuTyrThrLysProKetTyrValArgAleMetLyeGluAlaSerLyuLeu
2180 2190 2200 2210 2220 2230 2240 2250TACmCAAATGCATGATGATCGCTTAAAAAGAGTCCGATTCTTTAGATGAAAATTCAGATGAAATCCMAAT
TyrPheGlnMatHisAspAspArgLeuLyuArgLysSerAspSerL.uAspGluAsnSerAspGlu I eGlGnAan
2260 2270 2280 2290 2300 2310 2320
AATGGCCAMATAGTAGCAGCCMAAGAAAAAAGCTAAGAAGGAAGCAGCCGCTATGAACAAACGGAAAGAAACT
AanGlyGlnAsnSerSerSerGlnLyeLysLysAlaLysLyuGluAIaAlaAlIaMetAnLysArgLy.GluThr
2330 2340 2350 2360 2370 2380 2390 2400GAAGCCAACAGTGTTGCTGCTTATCCGAGTGATCAAGATAACGATGTATTCGGCGMAAGTTGATTGMACCTCC
GluAlaLyuSerValAl&AA&TyrProSerAspClnAspAsnAspValPheGlycluLysLeuIleGluThrSer
2410 2420 2430 2440 2450 2460 2470ACTCCAATGGAGGACTTCGCTACCGMTTTATAATAACTACTCCATGCMGTCAGAGMGACGAAAGGGATTAT
ThrProMetGluAapPheAlaThrGluPheTyrAsnAanTyrSerMetGlnValArgGluAspGluArgAspTyr
2480 2490 2500 2510 2520 2530 2540 2550ATTTGGACTTGAATTTAACTACAGAATTGGAAAGTTAGCTTTGTGCTTGCTTCTCTMACAAATTCGCTAAG
I1@LuA%ApPh*GluPh*AsnTyrArgI leGlyLysLeuAlaL uCysPheAlaSerLeuAsnLyuPheAlaLys
2560 2570 2580 2590 2600 2610 2620AGATIGTGGCACCACGAGCGGTTTATTTGGTAGTATGGCCATTGTTTTGTTACATGCCACAAGAAACGACACCCCC
ArgPheGlyThrThrSerGlyLeuPheGlySerMetAlaI leValLeuLeuHisAlaThrArgAnAgpThrPro
2630 2640 2650 2660 2670 2680 2690 2700
M GATCCAATTTTGAAGMAGTACTCACGAGACCCTTGMAAA AGAGTATTCTG ATTTCCCATTACGM
PheAopProIleL.uLysLysValValThrLyeSerLeuGluLysGluTyrSerGluAsnPheProLeuAsnGlu
2710 2720 2730 2740 2750 2760 2770ATATCTAACAATACCrTCGATTGGCTGCAATTTACCAAGATTCGGTAAGMTGATATAAATGGCCTGCTA
I 1eSerAenAanSerPheAspTrpLeuAsnPheTyrGlnGluLy.Ph.GlyLy.AsnspI leAsnGlyLeuLeu
2780 2790 2800 2810 2820 2830 2840 2850TTTCTGTATCGCTATCGCGATGATGTTCCGATCGGAAGCTCTAAmGAAAGAATGATTATTAGCAGTCTTrCTPheLeuTyrArgTyrAr&A*pA&pValProIleGlySerSerAsnLeuLysGluMet I Ie I eSerSerLeuSer
2860 2870 2880 2890 2900 2910 2920CCCTTGGAGCCTCACTCCCAGAACGAAATTCTACAGTATTACTTGTAGCCTGCMCTCCTCMTGTGTCAATTM
ProLeuGluProHteSerGlnAsnCluI leLeuGlnTyrTyrLeu--
2930 2940 2950 2960 2970 2980 2990 3000CTC7TACTTAATTATGTATATAnTTTATGTATATGCrrATATGCATGCGCATATGCTCATAAAAGATACATT
3010 3020 3030 3040 3050 3060 3070CTTATAGGTCAmCTTC CCAAGCTACATCTACCACTCCTTCCMCCATGGTCCAGGACAGCCAGGACCTTTTC
3080 3090 3100 3110 3120 3130 3140 3150rlGCCAAAATTCTTGCTrFCCCATCTCAGAGCAAAACGAGGAATTTCTTTGTCCTCTTTGGCCGCCAGTTGC
3160 3170 3180 3190 3200 3210 3220GCTAAAATATTTTTrTTCTAGGTCGCATAGTTTGAAAGACTTGTCTTTTTCACCACCMGMAATATAIATTAG
3230 3240 3250 3260 3270 3280 3290 3300TCAAGACATGTAAAGCCCATTCTCACCTATTTCAACGATTAC CCATCGCT CGTAGACACATTCACCATTT
3310 3320 3340 3350
TTCCCTCATCGCCACATTAAGCTGCATGACCATCCCACATATC
SIR 2
Fig. 2. DNA sequence of NATI. The sequence of NAT] from nucleotide 1 to nucleotide 2975 was determined by standard methods (see Materials and
methods). The sequence from nucleotides 2976 to 3354 is from Shore et al. (1984). The beginning of the SIR2 ORF is indicated by an arrow. There
is complete agreement in the overlap region from nucleotides 2710 to 2975, sequenced by both our group and Shore et al. (1984). The putative protein
sequence of NAT] is indicated.
NATI: 4 8 RKKY WE A F LGYRANWTS LAVA Q DV 7 1 natl mutants exhibit a variety of phenotypes
A nat] null mutation (natl-5) was constructed by removing
CAT: 1 8 RKEHFEAFQSVAQCTYNQTVQLDI 41 the coding sequence from the XhoI site to the SphI site
(Figure 1), replacing it with the LEU2 gene, and transplacing
NATI: 6 8 GE K L I E T S T P ME D- F AT E F YNNYS MQVREDERDY 713 this DNA into the yeast genome. Although natl nui mutants
..* * * * * * * * are viable, they grow more slowly than isogenic NAT]
CAT: 8 0 GELVI WDSVHPCYTVFHEQTETFSSL'SEYHDDFRQF 116 strains. As expected, these mutants exhibit decreased
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Table H. Effect of natl mutation on survival to heat shock and mating
efficiency
Strain Relevant % Survival after Relative mating
genotype heat shocka efficiencyb
W303-la NAT1 91 1.0
AMR1 natl 18 6.6 x 10-3
aStrains were grown in YPD at 30° C for 4 days and then subjected to
a 5-min heat shock at 54° C as described in Materials and methods.bStrains were grown to mid-log phase in YPD at 30° C. Dilutions were
made and aliquots were plated onto either YPD plates (to determine
the number of viable cells) or onto SD plates spread with a thin lawn
of the MATax strain 217 (to determine mating ability). The mating
efficiency is the number of cells that mated per total number of cells;
it was arbitrarily defined as 1.0 for W303-la.
Fig. 3. Derepression of HML in natl and ardl single mutants and in
natl ardl double mutant strains. Total RNA was probed for a2 and
a2 transcripts, using 32P-labeled anti-sense RNA. Lanes 1 and 2,
MATa NAT] (W303-la) and MATa natl (AMRI), respectively, - an
isogenic set; lanes 3 and 4, MATa natl ardl and MATal nati ardl
double mutants, respectively; lane 5, MATa sirl sir3 strain (RS19);
lanes 6 and 7, MATa ARDI (9-3A) and MATa ardl (94D),
respectively, - an isogenic set. Note the darker a2 transcript band in
the MATca ardl strain (lane 7) and the MATas nati ardl double mutant
(lane 4). This is due to partial derepression of HML in addition to
normal transcription from the MAT locus. This effect is also seen in
MATae nati strain (data not shown). The same filter was probed with a
32P-labeled anti-sense SIR2 probe as a control. A short region of this
riboprobe also contained anti-sense NAT] RNA (see Materials and
methods), thus also allowing visualization of the NAT] transcript.
Table III. Acetyltransferase activities of nati and ardl single and
double mutants
Strain Relevant Acetyltransferase activity
genotype (c.p.m.)a
No pre-heating 8 min
at 450C
RS304-la NAT] ARDI 12000 6050
RS304-lb NAT] ardl 10400 2400
RS304-lc nati ARDI 8250 2500
RS304-ld nati ardl 9200 2600
aAssays were for 20 min at 25° C as described in Materials and
methods.
acetyltransferase activity in the standard in vitro assay. The
mutants also have several phenotypes characteristic of
abnormal cell cycle control. For example, homozygous nat]
diploids fail to sporulate and haploid nat] mutants fail to
stop budding and fail to accumulate storage carbohydrates
when limited for nutrients. These phenotypes are indicative
of an inability to enter Go. Another method to test for
entrance into Go is viability after heat shock. Normal yeastcells in the Go state are much more resistant to heat shock
than are logarithmically growing cultures (Pringle and
Hartwell, 1981). The heat shock sensitivity of NAT] and
nat] isogenic strains in stationary (non-proliferating) cultures
was examined. The nat] mutant exhibits a greater sensi-
tivity to heat shock, consistent with its inability to enter Go(Table II).
Although MATa nat] mutants mate normally, MATa nat]
mutants were found to mate poorly. Quantitative mating tests
showed that MATa nat] mutants have a mating efficiency
of - 7 x 10-3 compared to their isogenic wild-type
counterparts (Table II). Furthermore, these mutants do not
respond to the pheromone a-factor; that is, they continue
to bud and do not arrest in GI. Finally, they do not producenormal amounts of the mating pheromone, a-factor (data not
shown).
The observed mating defect of the MATa nat] mutant and
its decreased pheromone response and production could be
explained by a partial derepression of one of the silent mating
type cassettes, HML (Strathern et al., 1981). HML usuallycontains a information, while HMR usually contains a
information (Nasmyth and Tatchell, 1980; Strathern et al.,
1980). Both cassettes are kept transcriptionally silent by an
unknown mechanism involving at least four other genes:
SIR], SIR2, SIR3 and SIR4 (Rine and Herskowitz, 1987).The transcriptional state of HML in a MATa nat] strain was
examined by analyzing total RNA with an RNA probe
generated from a MATa fragment containing sequences
complementary to both a2 and a2 transcripts (Figure 3).
MATa nat] mutants were found to have detectable levels of
a2 transcript, as well as normal levels of a2 transcript,
indicating that HML is derepressed in these mutants (see
Figure 3, lane 2). HML is similarly derepressed in MATa
mutants (note the darker band of a2 transcript in lanes 4
and 7, Figure 3), but since the information encoded at HML
is the same as that at MATa, there is no antagonistic effect.
HML was estimated to be - 20% derepressed as compared
to 100% derepression for a sir mutant (compare lanes 2 and
5, Figure 3). Since NAT] and SIR2 are adjacent genes (see
Figure 1), it was possible that the nat] null mutation inter-
fered with transcription of SIR2 and that this was the cause
of HML derepression. However, normal levels of SIR2
transcripts were found in nat] mutant strains (Figure 3),
demonstrating that the partial derepression ofHML is caused
by the loss of NAT] activity and is not due to lower
expression from SIR2.
natl and ardl have identical phenotypes
The nat] phenotypes of slow growth, inability to sporulate
when homozygous diploid, failure to enter G. when limitedfor nutrients and partial derepression ofHML are all identical
to those of the previously characterized ardl mutant
(Whiteway and Szostak, 1985; Whiteway et al., 1987). The
ARD] gene has been cloned, sequenced and mapped to
chromosome VIII, near SP013. ARD] encodes a protein of
238 amino acids with no obvious similarity to NAT]. When
an extract from an ardl mutant was assayed for acetyl-
transferase activity in vitro, surprisingly, it was found to be
just as defective as a nat] extract (Table III).
A nat] ardl double mutant was constructed by mating nat]
and ardl single mutants, allowing the heterozygous diploid
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Table H. Effect of natl mutation on survival to heat shock and mating
efficiency
Strain Relevant % Survival after Relative mating
genotype heat shocka efficiencyb
W303-la NAT1 91 1.0
AMR1 natl 18 6.6 x 10-3
aStrains were grown in YPD at 30° C for 4 days and then subjected to
a 5-min heat shock at 54° C as described in Materials and methods.bStrains were grown to mid-log phase in YPD at 30° C. Dilutions were
made and aliquots were plated onto either YPD plates (to determine
the number of viable cells) or onto SD plates spread with a thin lawn
of the MATax strain 217 (to determine mating ability). The mating
efficiency is the number of cells that mated per total number of cells;
it was arbitrarily defined as 1.0 for W303-la.
Fig. 3. Derepression of HML in natl and ardl single mutants and in
natl ardl double mutant strains. Total RNA was probed for a2 and
a2 transcripts, using 32P-labeled anti-sense RNA. Lanes 1 and 2,
MATa NAT] (W303-la) and MATa natl (AMRI), respectively, - an
isogenic set; lanes 3 and 4, MATa natl ardl and MATal nati ardl
double mutants, respectively; lane 5, MATa sirl sir3 strain (RS19);
lanes 6 and 7, MATa ARDI (9-3A) and MATa ardl (94D),
respectively, - an isogenic set. Note the darker a2 transcript band in
the MATca ardl strain (lane 7) and the MATas nati ardl double mutant
(lane 4). This is due to partial derepression of HML in addition to
normal transcription from the MAT locus. This effect is also seen in
MATae nati strain (data not shown). The same filter was probed with a
32P-labeled anti-sense SIR2 probe as a control. A short region of this
riboprobe also contained anti-sense NAT] RNA (see Materials and
methods), thus also allowing visualization of the NAT] transcript.
Table III. Acetyltransferase activities of nati and ardl single and
double mutants
Strain Relevant Acetyltransferase activity
genotype (c.p.m.)a
No pre-heating 8 min
at 450C
RS304-la NAT] ARDI 12000 6050
RS304-lb NAT] ardl 10400 2400
RS304-lc nati ARDI 8250 2500
RS304-ld nati ardl 9200 2600
aAssays were for 20 min at 25° C as described in Materials and
methods.
acetyltransferase activity in the standard in vitro assay. The
mutants also have several phenotypes characteristic of
abnormal cell cycle control. For example, homozygous nat]
diploids fail to sporulate and haploid nat] mutants fail to
stop budding and fail to accumulate storage carbohydrates
when limited for nutrients. These phenotypes are indicative
of an inability to enter Go. Another method to test for
entrance into Go is viability after heat shock. Normal yeastcells in the Go state are much more resistant to heat shock
than are logarithmically growing cultures (Pringle and
Hartwell, 1981). The heat shock sensitivity of NAT] and
nat] isogenic strains in stationary (non-proliferating) cultures
was examined. The nat] mutant exhibits a greater sensi-
tivity to heat shock, consistent with its inability to enter Go(Table II).
Although MATa nat] mutants mate normally, MATa nat]
mutants were found to mate poorly. Quantitative mating tests
showed that MATa nat] mutants have a mating efficiency
of - 7 x 10-3 compared to their isogenic wild-type
counterparts (Table II). Furthermore, these mutants do not
respond to the pheromone a-factor; that is, they continue
to bud and do not arrest in GI. Finally, they do not producenormal amounts of the mating pheromone, a-factor (data not
shown).
The observed mating defect of the MATa nat] mutant and
its decreased pheromone response and production could be
explained by a partial derepression of one of the silent mating
type cassettes, HML (Strathern et al., 1981). HML usuallycontains a information, while HMR usually contains a
information (Nasmyth and Tatchell, 1980; Strathern et al.,
1980). Both cassettes are kept transcriptionally silent by an
unknown mechanism involving at least four other genes:
SIR], SIR2, SIR3 and SIR4 (Rine and Herskowitz, 1987).The transcriptional state of HML in a MATa nat] strain was
examined by analyzing total RNA with an RNA probe
generated from a MATa fragment containing sequences
complementary to both a2 and a2 transcripts (Figure 3).
MATa nat] mutants were found to have detectable levels of
a2 transcript, as well as normal levels of a2 transcript,
indicating that HML is derepressed in these mutants (see
Figure 3, lane 2). HML is similarly derepressed in MATa
mutants (note the darker band of a2 transcript in lanes 4
and 7, Figure 3), but since the information encoded at HML
is the same as that at MATa, there is no antagonistic effect.
HML was estimated to be - 20% derepressed as compared
to 100% derepression for a sir mutant (compare lanes 2 and
5, Figure 3). Since NAT] and SIR2 are adjacent genes (see
Figure 1), it was possible that the nat] null mutation inter-
fered with transcription of SIR2 and that this was the cause
of HML derepression. However, normal levels of SIR2
transcripts were found in nat] mutant strains (Figure 3),
demonstrating that the partial derepression ofHML is caused
by the loss of NAT] activity and is not due to lower
expression from SIR2.
natl and ardl have identical phenotypes
The nat] phenotypes of slow growth, inability to sporulate
when homozygous diploid, failure to enter G. when limitedfor nutrients and partial derepression ofHML are all identical
to those of the previously characterized ardl mutant
(Whiteway and Szostak, 1985; Whiteway et al., 1987). The
ARD] gene has been cloned, sequenced and mapped to
chromosome VIII, near SP013. ARD] encodes a protein of
238 amino acids with no obvious similarity to NAT]. When
an extract from an ardl mutant was assayed for acetyl-
transferase activity in vitro, surprisingly, it was found to be
just as defective as a nat] extract (Table III).
A nat] ardl double mutant was constructed by mating nat]
and ardl single mutants, allowing the heterozygous diploid
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Table H. Effect of natl mutation on survival to heat shock and mating
efficiency
Strain Relevant % Survival after Relative mating
genotype heat shocka efficiencyb
W303-la NAT1 91 1.0
AMR1 natl 18 6.6 x 10-3
aStrains were grown in YPD at 30° C for 4 days and then subjected to
a 5-min heat shock at 54° C as described in Materials and methods.bStrains were grown to mid-log phase in YPD at 30° C. Dilutions were
made and aliquots were plated onto either YPD plates (to determine
the number of viable cells) or onto SD plates spread with a thin lawn
of the MATax strain 217 (to determine mating ability). The mating
efficiency is the number of cells that mated per total number of cells;
it was arbitrarily defined as 1.0 for W303-la.
Fig. 3. Derepression of HML in natl and ardl single mutants and in
natl ardl double mutant strains. Total RNA was probed for a2 and
a2 transcripts, using 32P-labeled anti-sense RNA. Lanes 1 and 2,
MATa NAT] (W303-la) and MATa natl (AMRI), respectively, - an
isogenic set; lanes 3 and 4, MATa natl ardl and MATal nati ardl
double mutants, respectively; lane 5, MATa sirl sir3 strain (RS19);
lanes 6 and 7, MATa ARDI (9-3A) and MATa ardl (94D),
respectively, - an isogenic set. Note the darker a2 transcript band in
the MATca ardl strain (lane 7) and the MATas nati ardl double mutant
(lane 4). This is due to partial derepression of HML in addition to
normal transcription from the MAT locus. This effect is also seen in
MATae nati strain (data not shown). The same filter was probed with a
32P-labeled anti-sense SIR2 probe as a control. A short region of this
riboprobe also contained anti-sense NAT] RNA (see Materials and
methods), thus also allowing visualization of the NAT] transcript.
Table III. Acetyltransferase activities of nati and ardl single and
double mutants
Strain Relevant Acetyltransferase activity
genotype (c.p.m.)a
No pre-heating 8 min
at 450C
RS304-la NAT] ARDI 12000 6050
RS304-lb NAT] ardl 10400 2400
RS304-lc nati ARDI 8250 2500
RS304-ld nati ardl 9200 2600
aAssays were for 20 min at 25° C as described in Materials and
methods.
acetyltransferase activity in the standard in vitro assay. The
mutants also have several phenotypes characteristic of
abnormal cell cycle control. For example, homozygous nat]
diploids fail to sporulate and haploid nat] mutants fail to
stop budding and fail to accumulate storage carbohydrates
when limited for nutrients. These phenotypes are indicative
of an inability to enter Go. Another method to test for
entrance into Go is viability after heat shock. Normal yeastcells in the Go state are much more resistant to heat shock
than are logarithmically growing cultures (Pringle and
Hartwell, 1981). The heat shock sensitivity of NAT] and
nat] isogenic strains in stationary (non-proliferating) cultures
was examined. The nat] mutant exhibits a greater sensi-
tivity to heat shock, consistent with its inability to enter Go(Table II).
Although MATa nat] mutants mate normally, MATa nat]
mutants were found to mate poorly. Quantitative mating tests
showed that MATa nat] mutants have a mating efficiency
of - 7 x 10-3 compared to their isogenic wild-type
counterparts (Table II). Furthermore, these mutants do not
respond to the pheromone a-factor; that is, they continue
to bud and do not arrest in GI. Finally, they do not producenormal amounts of the mating pheromone, a-factor (data not
shown).
The observed mating defect of the MATa nat] mutant and
its decreased pheromone response and production could be
explained by a partial derepression of one of the silent mating
type cassettes, HML (Strathern et al., 1981). HML usuallycontains a information, while HMR usually contains a
information (Nasmyth and Tatchell, 1980; Strathern et al.,
1980). Both cassettes are kept transcriptionally silent by an
unknown mechanism involving at least four other genes:
SIR], SIR2, SIR3 and SIR4 (Rine and Herskowitz, 1987).The transcriptional state of HML in a MATa nat] strain was
examined by analyzing total RNA with an RNA probe
generated from a MATa fragment containing sequences
complementary to both a2 and a2 transcripts (Figure 3).
MATa nat] mutants were found to have detectable levels of
a2 transcript, as well as normal levels of a2 transcript,
indicating that HML is derepressed in these mutants (see
Figure 3, lane 2). HML is similarly derepressed in MATa
mutants (note the darker band of a2 transcript in lanes 4
and 7, Figure 3), but since the information encoded at HML
is the same as that at MATa, there is no antagonistic effect.
HML was estimated to be - 20% derepressed as compared
to 100% derepression for a sir mutant (compare lanes 2 and
5, Figure 3). Since NAT] and SIR2 are adjacent genes (see
Figure 1), it was possible that the nat] null mutation inter-
fered with transcription of SIR2 and that this was the cause
of HML derepression. However, normal levels of SIR2
transcripts were found in nat] mutant strains (Figure 3),
demonstrating that the partial derepression ofHML is caused
by the loss of NAT] activity and is not due to lower
expression from SIR2.
natl and ardl have identical phenotypes
The nat] phenotypes of slow growth, inability to sporulate
when homozygous diploid, failure to enter G. when limitedfor nutrients and partial derepression ofHML are all identical
to those of the previously characterized ardl mutant
(Whiteway and Szostak, 1985; Whiteway et al., 1987). The
ARD] gene has been cloned, sequenced and mapped to
chromosome VIII, near SP013. ARD] encodes a protein of
238 amino acids with no obvious similarity to NAT]. When
an extract from an ardl mutant was assayed for acetyl-
transferase activity in vitro, surprisingly, it was found to be
just as defective as a nat] extract (Table III).
A nat] ardl double mutant was constructed by mating nat]
and ardl single mutants, allowing the heterozygous diploid
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N-Terminal acetylation
1 2 3 4 acetylated, as shown below. This result demonstrates
conclusively that the NATI protein is responsible for
N-terminal acetylation.
Ac
NATl CYCI-793: (Met)- S er-Glu-Phe-Leu-Ala-
natl CYCI- 793: (Met)- S er-Glu-Phe-Leu-Ala
Fig. 4. 3H-Labeled histones from nati and ardl single mutants and
their isogenic parents. Yeast histones were labeled in vivo with
[3H]acetate, isolated and separated on a 12% Triton-acid-urea gel,
which was then processed for fluorography. Lane 1, strain W303-la
(NATJ); lane 2, AMR1 (natl); lane 3, 9-3A (ARDJ); lane 4, 9-4D
(ardl). The histone H2B bands from the natl mutant (lane 2) and the
ardl mutant (lane 4) are shifted down by one 'step', a movement
consistent with the loss of the N-terminal acetyl group. The very dark
band low in the H2B group of the natl mutant (lane 2) is not seen in
the ardl mutant (lane 4). This difference in the pattern is probably
due to the fact that the strains are not isogenic.
to sporulate and dissecting the resulting tetrads. The double
mutant was found to exhibit no additional phenotypes other
than those already described for the single mutants (e.g. see
Table Im for acetyltransferase assays). The lack of additional
phenotypes in the double mutant strongly suggests that the
NAT1 and ARD1 gene products are involved in the same
function in the cell.
Since ARD] contains a region with some similarity to the
homeobox consensus sequence (Whiteway and Szostak,
1985), it seemed possible that the ARD1 protein was a
transcriptional activator of NAT]. However, wild-type levels
of the NAT] transcript were detected by Northern analysis
of an ardl mutant. Similarly, normal levels of ARD]
transcript were found in an nat] mutant, indicating that
neither protein affects the steady-state level of the transcript
from the other gene (data not shown).
NAT1 and ARD 1 are required for N-terminal
acetylation of a form of iso- 1-cytochrome c, histone
H2B and other yeast proteins
Iso-i -cytochrome c is a mitochondrial protein encoded by
the nuclear CYC] gene. In a wild-type strain, the N-terminal
methionine is cleaved and the newly exposed threonine is
not acetylated. However, mutant forms having certain
alterations in the N-terminal region are acetylated
(Tsunasawa et al., 1985; Moerschell et al., 1988). Strain
B-7470 has the CYC]-793 allele (see below) which codes
for a functional iso-1-cytochrome c protein that undergoes
methionine cleavage followed by acetylation of the newly
exposed N-terminal serine (Moerschell et al., 1988). A nat]
mutation was introduced into strain B-7470. This nat] mutant
strain, denoted B-7658, is otherwise isogenic to B-7470. The
amino-terminal region of iso-l-cytochromes c, isolated from
both B-7470 and B-7658, was sequenced. The protein
sequence reveals that methionine cleavage still occurs in the
nat] background, but the N-terminal serine is no longer
Because the nat] mutant was originally identified due to
its decreased ability to acetylate calf histones, yeast histones
from both nat] and ardl mutants were examined for
acetylation levels. Wild-type and mutant isogenic pairs were
converted into spheroplasts and briefly labeled with
[3H]acetate in the presence of cycloheximide (Nelson,
1982). The histones become labeled due to the activity of
histone acetyltransferases that catalyze the acetylation of the
e-amino group of internal lysines (Alonso and Nelson, 1986).
Acetylation of each lysine causes a loss of one positive
charge. All of the core histone are modified in this manner,
and therefore exist as an array of molecules, ranging from
highly to less positively charged, depending on how many
lysines have been acetylated. N-Terminal acetylation of
proteins also results in the loss of a positive charge since
the NH3+ terminus becomes a neutral CH3-CO-NH
terminus when the acetyl group is added.
Labeled histones were isolated and fractionated on a
Triton-acid-urea gel. This gel system, which separates
molecules on the basis of both mol. wt and charge, allows
the separation of individual histone molecules differing by
just one charge (Zweidler and Cohen, 1972; Zweidler,
1978). On this gel, the most positively charged histone
molecules (completely unacetylated) migrate fastest. The
bands above each unacetylated histone subtype correspond
to one, two, three, etc. positive charges neutralized (most
commonly by acetylation of the E-amino groups of lysines).
A fluorogram of such a gel is shown in Figure 4. Lanes 1
and 2 display histones from the NAT] and nat] strains,
respectively, while lanes 3 and 4 show histones from the
ARD] and ardl strains. The major reproducible difference
is that the 'ladder' of the histone H2B in the nat] mutant
(lane 2) and in the ardl mutant (lane 4) is shifted down by
one step compared to the isogenic NAT] and ARD] strains
(lanes 1 and 3), indicating that H2B from nat] and ardl
mutants has one more positive charge, presumably due to
failure to acetylate the N terminus. Furthermore, we know
that both histone H2B subtypes (H2B1 and H2B2) are
affected in this manner. We have labeled and examined, by
fluorography, histones isolated from mutant strains contain-
ing H2B1 only or H2B2 only (Rykowski et al., 1981) and
have detected the downward shift in both proteins in nat]
mutants (data not shown). Longer exposures of the gel
depicted in Figure 4 and other experiments show that the
labeling pattern of the three other histones, H2A, H3 and
H4, is not altered in nat] and ardl mutants.
In order to determine approximately how many proteins
are substrates for the NATI acetyltransferase, wild-type and
mutant strains were pulse-labeled with [35S]methionine and
total proteins were examined on two-dimensional gels. A
comparison of the fluorograms shows that at least 20 proteins
from the nat] mutant shift toward the basic side. A region
of these gels is shown in Figure 5. It can be seen that six
prominent proteins are shifted toward the basic side; note
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Fig. 5. Two-dimensional gels of [35S]methionine-labeled proteins from
NAT] and natl strains. NAT] (W303-la) and natl (AMRI) strains
were briefly labeled with [35S]methionine, total protein was isolated
and separated on two-dimensional gels, which were then processed for
fluorography. The first dimension is an isoelectric focusing gel; the
basic side is to the right. The second dimension is a standard
denaturing gel with the direction of migration from top to bottom. The
regions shown contain proteins of -30-80 kd, with pls ranging from
-4 to 8. Identical regions from the two gels are shown. Six
prominent protein spots are indicated that shift toward the basic side in
the natl strain. The shifts are consistent with lack of acetylation of the
N termini of these proteins in the natl strain.
Table IV. Overproduction of acetyltransferase activity in vitro
Plasmids Overproduced Specific activity
protein(s) (c.p.m./4g protein)a
pVT100-U + pVT103-L - 1550
pVT100-U + pJM124 NATI 1500
M33p5 + pVT103-L ARDI 1150
M33p5 + pJMl24 NATI + ARDI 33 700
aExtracts were prepared as described in Materials and methods, but
were not subjected to pre-heating prior to assaying. Assays were at
25° C for 20 min. Extracts were diluted 1:10 and 1 1l was used per
assay. With undiluted extracts, the NATI/ARDI overproducing extract
gave 8-10 times more activity than the other extracts.
that there is no change in mol. wt or intensity for these spots,only a change in charge. This shift is consistent with the
affected proteins having one additional positive charge due
to the lack of an acetyl group at the N terminus.[35S]Methionine-labeled proteins from an ardl mutant are
shifted identically on two-dimensional gels when compared
to the nat] mutant (data pot shown). These results indicate
that a group of proteins are normally modified by a process
requiring both the NATI and ARDI gene products. Twenty
is a minimal estimate of the number of yeast proteins that
shift to the basic side in these gels.
NAT1 and ARD 1 are both required for N-terminal
acetyltransferase activity
When the NAT] gene was placed under the control of the
strong GALI-GALIO promoter, no additional acetyltrans-ferase activity was detected even though large amounts of
the transcript were produced. Therefore, it seemed possiblethat the NATI and ARDI proteins act together in a complexand that both must be overexpressed in order to see increasedenzymatic activity. A multicopy URA3 plasmid containingARD] under the control of the ADH promoter, M33p5 (agift from M.Whiteway), and a multicopy LEU2 plasmidcontaining NAT] driven by its own promoter were co-transformed into a wild-type strain. Extracts made from thesecells showed a 3-fold increase in acetyltransferase activity
in vitro. When ARD] and NAT] transcripts in these cells
were examined. ARD] transcripts were present 20- to 50-fold
over basal levels, while NAT] transcripts were present only3-fold over basal levels (data not shown). Therefore, the
amount of NAT] gene product appeared to be the limitingfactor in this assay.A multicopy LEU2-d ADH-promoted NAT] plasmid,pJM124, was constructed in order to overproduce the two
gene products to the same extent. The same strain was againtransformed with all combinations of starting vectors and
the overproducing plasmids. When only one overproducingplasmid was present, acetyltransferase activity in vitro did
not increase over basal levels (Table IV). But when both
overproducing plasmids were present in the same cell, thelevel of acetyltransferase activity increased 20-fold (TableIV). These results strongly suggest that the NATI and ARDI
gene products function together as subunits of an N-terminalacetyltransferase in yeast.
Discussion
The NAT] gene is not essential for viability, but null mutants
express a variety of seemingly unrelated phenotypes, such
as slow growth, inability to enter Go when limited fornutrients, inability to sporulate when homozygous diploidand partial derepression of the silent mating type cassette,HML. All of these phenotypes are identical to those of a
previously characterized mutation, ardl (Whiteway and
Szostak, 1985; Whiteway et al., 1987). We have shown that
the lack of a heat-stable acetyltransferase activity displayedby nat] mutants is also shared by ardl mutants, althoughthe two genes are distinct and unrelated by sequence. A nat]ardl double mutant expresses no additional phenotypes other
than those found for either single mutant, indicating that the
two genes function in the same cellular process. All of the
results indicate that this process is the N-terminal acetyla-tion of certain yeast proteins. In particular, the lack of
N-terminal acetylation of the CYC 1-793 protein when
isolated from a nat] mutant indicates that the NATI proteinis responsible for this modification. Also, the similarityof NAT1 to bacterial chloramphenicol acetyltransferases
suggests that this protein is an acetyltransferase.Overproduction of either NAT1 or ARDI protein alonedoes not result in any increase in acetyltransferase activityin vitro. Only when both products are simultaneouslyoverproduced in the same cell is an increase in activityobserved. This strongly suggests that acetylation is catalyzedby a complex including both the NAT1 and ARDI geneproducts. Despite the presence of a homeobox-like regionin ARD], our results demonstrate that the ARD1 geneproduct is not a transcriptional activator of NAT]. If theARD1 protein modified the NAT1 protein in some way to
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basic side is to the right. The second dimension is a standard
denaturing gel with the direction of migration from top to bottom. The
regions shown contain proteins of -30-80 kd, with pls ranging from
-4 to 8. Identical regions from the two gels are shown. Six
prominent protein spots are indicated that shift toward the basic side in
the natl strain. The shifts are consistent with lack of acetylation of the
N termini of these proteins in the natl strain.
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involved in these pathways may be uncovered. The nat] andardl mutants and genes also should prove useful indetermining the specificity of action of this N-terminalacetyltransferase.
Materials and methods
Yeast strains, media and strain manipulationsYeast were grown at 30° C in either YPD medium or in SD medium plusappropriate supplements (Sherman et al., 1986). Cells were transformedby standard spheroplasting techniques (Sherman et al., 1986). Diploidconstruction, sporulation, tetrad dissection and analysis were done by standardmethods (Sherman et al., 1986). The following strains were used: YS7p/4d:MATa ade2 ura3 leu2 trpi his3; MCSY3 14: MATa ade ural-J tys2-1 thr4met4-1 cani-100 nati-l; W303-la: MATa ade2-1 ura3-1 his3-11 trpl-lleu2-3,112 canl-100; AMR1: Isogenic to W303-la plus natl-S:: LEU2;J24: MATa ade] ade2 ural his7 lys2 tyri gall-i rnaJJIS; 9-3A: MATa ura3leu2 his3; 9-4D: isogenic to 9-3A plus ardl:: URA3 (Whiteway et al., 1987);RS19: MATa sirl-] sir3:: LEU2 ade6 arg4 leu2 trpl RMEI; DFI: MATaade2 ura3-52 trpI- Ilys2 his3 his71eu22-3,112 NATI:: LEU2; DF2: MATaade2-101 ura leu2-3,112 tyri his nall'5 lys2; 216: MATa his]; 217: MATaehis]; B-7470: MATcx CYCI-793 cyc7-671ys5-IOura3-52; B-7658: isogenicto B-7470 plus natl-3 :: URA3.
Null mutations and plasmids
The natl-3:: URA3 null mutation was constructed by deleting a HindUIfragment from the NAT] coding sequence (see Figure 1) and inserting a1.1 kb Hindmfragment containing the URA3 gene. The mutation was placedin the genome by gene transplacement (Rothstein, 1983). The constructionof the natl-5:: LEU2 null mutation is described in the Results. M33p5 (agift from M.Whiteway) contains the ARD] gene cloned behind theconstitutive ADH promoter in a 2 jsm based URA3 vector (Vernet et al.,1987). pJM 124 contains a functional NAT] gene (coding for the first 11amino acids of phage T7 gene 10 protein plus four amino acids from linker
sequences, followed by amino acids 7-853 of NAT]) cloned behind theADH promoter in a 2 Atm based LEU2-d plasmid (Vernet et al., 1987).
Extracts and acetyltransferase assaysIn the original screen for a histone acetyltransferasemutant, cells were grownin 20 ml of YPD to a density of 1 x 107cells/ml, pelleted, resuspendedin 1 mlassay buffer (75 mM Tris pH 8.2, 150mM NaCl, 0.1mM EDTA,2 mM Il-mercaptoethanol), and vortexed with an equal volume of glass beadsin 30s pulses alternated with 1 minon ice for a total vortexing time of 4
min. Disrupted cells were centrifuged at 12 000 g for 10 minand pellets
were resuspended in 0.225 mi assay buffer. Aliquots containing 0.5 mgtotal protein (Lowry et al., 1951) were used in assays (Travis et al., 1984).After the original screening, NAT assays including those shown in Tables
I, III and IV, were done in the following manner. Strains were grown in50 mlof YPD to 2 x 108 cells/ml or in 100 ml of minimal medium to
1 X 108 cells/ml. Cells were pelleted, washed once with water, and madeinto spheroplasts using the protocol of Celniker and Campbell (1982). Allmanipulations from this point on were done at 4° C or on ice. Spheroplastswere transferred to Eppendorf tubes, washed with 1 ml of Buffer A (Celnikerand Campbell, 1982) and pelleted. Nuclei were released by homogeniza-tion (30 strokes of a micro-pestle) in 0.1 ml Buffer A and pelleted in amicrofuge. Nuclei were lysed by addition of 0.2 ml of NAT YLB [20 mMTris pH 7.4, 10% glycerol, 1M NaCl, 1mM EDTA, 1mM DTT, 1mMPMSF]. After brief vortexing, the crude nuclear lysates were centrifugedfor 10 minin a cold microfuge, and the supernatants used for assays. OneAl of crude extract (containing between 3 and 7 jig protein/jil) was usedper 50 A1assay. Assay conditions were those of Travis et al. (1984) exceptthat extracts were placed at 45ot for 8 minjust prior to assaying. Assayswere at 25° C for 20 min. Reactions were stopped by the addition of 1.5 mlof cold 20% TCA. Precipitated proteins were collected on glass fiber filters(Schleicher and Schuell), washed twice with 5% TCA, once with methanol,dried and counted.
Mapping of NAT1, SIR2 and RNA 11The linkage of NATIand TRPIwas established by crossing strain MCSY314to YS7p/4d. The resulting tetrads were scored for the nat]-lmutation (bythe in vitro acetyltransferase assay) and for tryptophan auxotrophy by replicaplating. The linkage of NAT] and RNAIIwas established by crossinganat]-lmutant strain to J24. The resulting haploid progeny were analyzedfor both acetyltransferase activity in vitro and for temperature sensitivity.The map order of the three genes NAT], SIR2 and RNAIIwith respectto the centromere of chromosome IV was determined by inserting the LEU2
gene into the X7oI site furthest upstream from NAT] (see Figure 1), and
replacing wild-type DNA with this marked DNA by gene transplacement
(Rothstein, 1983). This haploid strain, DF1 (constructed by D.Fossaceca),
was then mated to an appropriately marked strain, DF2, creating a diploid
which was heterozygous for the three markers: rnall', trpi and LEU2
(marking the region upstream of NAT]). This diploid was sporulated and
the resulting tetrads analyzed for crossovers between LEU2 (NAT]) andrnallS. Analysis of 157 tetrads resulted in five crossovers between the
marked region upstream of NAT] and ,nallS. In all five cases, LEU2
(NAT]) remained parental with respect to TRPI, while RNA]I became
tetratype with respect to both TRPI and LEU2 (NAT]), indicating that the
map order is RNAII-SIR2-NATI-CENIV-TRPI, as shown in Figure 1.
Sequencing of NAT1 and homology search
Overlapping restriction fragments from the NAT] coding region were
subcloned into either M13mplO or M13mpl 1 (Messing and Vieira, 1982)
permitting sequencing of both strands. Sequence analysis of the subclones
was carried out by the dideoxy method of Sanger et al. (1977).
The NAT] sequence was compared to every sequence in the Protein
Identification Resource databases (PIR, National Biomedical Research
Foundation, 3900 Reservoir Road, N.W., Washington, DC 20007). These
included PSQ (release 14.0, comprising 4721 sequences with a total of
1 118 494 residues) and New (release 31.0, comprising 1697 sequences
with a total of 393 114 residues). Sequence alignments were peformed using
the BESTFIT program of the GCG sequence analysis package (University
of Wisconsin Genetics Computer Group, U. of W. Biotechnology Center,
1710 University Ave., University of Wisconsin, Madison, WI, 53705). A
variety of gap (G) and gap length (L) penalties were examined: G = 2.0,
5.0, and 7.5; L = 0.0, 0.05, 0.1, and 1.0. Sequence alignments between
individual protein sequences, as opposed to searches of the PIR databases,
were performed both with the entire sequence and with 50- or 100-residue
segments of one of the sequences. Profile analysis was carried out by the
method of Gribskov et al. (1987), using logarithmic weighting applied
uniformly to each sequence used to generate the profile. Searches of the
PIR databases were repeated three times with different values of gap and
gap length weights: 3.0, 0.1 (G,L); 5.0, 0.05; and 10.0, 0.0.
Phenotype tests
a-Factor sensitivity was determined by adding a-factor (Sigma) to a final
concentration of 5 ,g/mlto logarithmically frowing yeast cultures in pH 5.0YPD medium at a density of 1-2 x 10 cells/mi. Three to four hours
later, cells were examined microscopically for formation of mating structures.
Quantitative matings were done by plating serial dilutions of logarithmically
growing cells onto SD plates containing a lawn of either 216 or 217 mating
type tester strains to determine diploid formation. Serial dilutions were also
plated onto YPD plates to determine total cell number. Heat shock assays
were performed by diluting stationary cultures (4-5 days in YPD at 30° C)
to 1 x 108 cells/mi in water, subjecting them to 54° C for 5 min, cooling
them quickly on ice and plating serial dilutions on YPD plates to determine
viability.
CYC1protein isolation and sequencing
Iso- 1-cytochrome c was isolated and sequenced as previously described
(Moerschell et al., 1988).
Northern blots and RNA probes
RNA was isolated according to standard procedures (Nasmyth, 1983) and
Northernblots were performed as previously described (Brilland Stemglanz,
1988). The a2/a2 probe, pGEM3B-a2, was constructed by inserting a 2.3 kbXbaI-HindUl fragment from AATa into the XbaI-HindI cut pGEM3Blue
riboprobe vector (Promega, Madison, WI). This plasmid was linearized
with HindmIand anti-sense RNA was generated using T7 RNA polymerase.
This riboprobe also anneals to a2 transcripts. The SIR2 probe, pGEM3B-SIR2, was constructed by inserting a 2.0 kb BgllI-HindIIIfragment from
the SIR2 gene into BamHI-HindIH cut pGEM3Blue.This plasmid was
linearized with Hindlll and anti-sense RNA was generated with T7 RNA
polymerase. The SIR2 fragment used also contains a small part of the NAT]
gene, so riboprobes generated by T7 RNA polymerase are able to anneal
weakly to NAT] transcripts as well as to SIR2 transcripts.
3H-Labeling of yeast histones
Cells were grown in 100 ml YPD to 2 x 107cells/mland made intospheroplasts by standard techniques (Sherman et al., 1986). Spheroplastswere resuspended in 2 mllabeling buffer, incubated with 2 mCi [3H]acetate
(Amersham, 2-5 Ci/mmol) according to Nelson (1982), in the presenceof 100 jtg/micycloheximide (Sigma). Pelleted spheroplasts were resuspendedin ice-cold NIB (Alonso and Nelson, 1986) with a Triton X-100 concentration
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involved in these pathways may be uncovered. The nat] andardl mutants and genes also should prove useful indetermining the specificity of action of this N-terminalacetyltransferase.
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sequences, followed by amino acids 7-853 of NAT]) cloned behind theADH promoter in a 2 Atm based LEU2-d plasmid (Vernet et al., 1987).
Extracts and acetyltransferase assaysIn the original screen for a histone acetyltransferasemutant, cells were grownin 20 ml of YPD to a density of 1 x 107cells/ml, pelleted, resuspendedin 1 mlassay buffer (75 mM Tris pH 8.2, 150mM NaCl, 0.1mM EDTA,2 mM Il-mercaptoethanol), and vortexed with an equal volume of glass beadsin 30s pulses alternated with 1 minon ice for a total vortexing time of 4
min. Disrupted cells were centrifuged at 12 000 g for 10 minand pellets
were resuspended in 0.225 mi assay buffer. Aliquots containing 0.5 mgtotal protein (Lowry et al., 1951) were used in assays (Travis et al., 1984).After the original screening, NAT assays including those shown in Tables
I, III and IV, were done in the following manner. Strains were grown in50 mlof YPD to 2 x 108 cells/ml or in 100 ml of minimal medium to
1 X 108 cells/ml. Cells were pelleted, washed once with water, and madeinto spheroplasts using the protocol of Celniker and Campbell (1982). Allmanipulations from this point on were done at 4° C or on ice. Spheroplastswere transferred to Eppendorf tubes, washed with 1 ml of Buffer A (Celnikerand Campbell, 1982) and pelleted. Nuclei were released by homogeniza-tion (30 strokes of a micro-pestle) in 0.1 ml Buffer A and pelleted in amicrofuge. Nuclei were lysed by addition of 0.2 ml of NAT YLB [20 mMTris pH 7.4, 10% glycerol, 1M NaCl, 1mM EDTA, 1mM DTT, 1mMPMSF]. After brief vortexing, the crude nuclear lysates were centrifugedfor 10 minin a cold microfuge, and the supernatants used for assays. OneAl of crude extract (containing between 3 and 7 jig protein/jil) was usedper 50 A1assay. Assay conditions were those of Travis et al. (1984) exceptthat extracts were placed at 45ot for 8 minjust prior to assaying. Assayswere at 25° C for 20 min. Reactions were stopped by the addition of 1.5 mlof cold 20% TCA. Precipitated proteins were collected on glass fiber filters(Schleicher and Schuell), washed twice with 5% TCA, once with methanol,dried and counted.
Mapping of NAT1, SIR2 and RNA 11The linkage of NATIand TRPIwas established by crossing strain MCSY314to YS7p/4d. The resulting tetrads were scored for the nat]-lmutation (bythe in vitro acetyltransferase assay) and for tryptophan auxotrophy by replicaplating. The linkage of NAT] and RNAIIwas established by crossinganat]-lmutant strain to J24. The resulting haploid progeny were analyzedfor both acetyltransferase activity in vitro and for temperature sensitivity.The map order of the three genes NAT], SIR2 and RNAIIwith respectto the centromere of chromosome IV was determined by inserting the LEU2
gene into the X7oI site furthest upstream from NAT] (see Figure 1), and
replacing wild-type DNA with this marked DNA by gene transplacement
(Rothstein, 1983). This haploid strain, DF1 (constructed by D.Fossaceca),
was then mated to an appropriately marked strain, DF2, creating a diploid
which was heterozygous for the three markers: rnall', trpi and LEU2
(marking the region upstream of NAT]). This diploid was sporulated and
the resulting tetrads analyzed for crossovers between LEU2 (NAT]) andrnallS. Analysis of 157 tetrads resulted in five crossovers between the
marked region upstream of NAT] and ,nallS. In all five cases, LEU2
(NAT]) remained parental with respect to TRPI, while RNA]I became
tetratype with respect to both TRPI and LEU2 (NAT]), indicating that the
map order is RNAII-SIR2-NATI-CENIV-TRPI, as shown in Figure 1.
Sequencing of NAT1 and homology search
Overlapping restriction fragments from the NAT] coding region were
subcloned into either M13mplO or M13mpl 1 (Messing and Vieira, 1982)
permitting sequencing of both strands. Sequence analysis of the subclones
was carried out by the dideoxy method of Sanger et al. (1977).
The NAT] sequence was compared to every sequence in the Protein
Identification Resource databases (PIR, National Biomedical Research
Foundation, 3900 Reservoir Road, N.W., Washington, DC 20007). These
included PSQ (release 14.0, comprising 4721 sequences with a total of
1 118 494 residues) and New (release 31.0, comprising 1697 sequences
with a total of 393 114 residues). Sequence alignments were peformed using
the BESTFIT program of the GCG sequence analysis package (University
of Wisconsin Genetics Computer Group, U. of W. Biotechnology Center,
1710 University Ave., University of Wisconsin, Madison, WI, 53705). A
variety of gap (G) and gap length (L) penalties were examined: G = 2.0,
5.0, and 7.5; L = 0.0, 0.05, 0.1, and 1.0. Sequence alignments between
individual protein sequences, as opposed to searches of the PIR databases,
were performed both with the entire sequence and with 50- or 100-residue
segments of one of the sequences. Profile analysis was carried out by the
method of Gribskov et al. (1987), using logarithmic weighting applied
uniformly to each sequence used to generate the profile. Searches of the
PIR databases were repeated three times with different values of gap and
gap length weights: 3.0, 0.1 (G,L); 5.0, 0.05; and 10.0, 0.0.
Phenotype tests
a-Factor sensitivity was determined by adding a-factor (Sigma) to a final
concentration of 5 ,g/mlto logarithmically frowing yeast cultures in pH 5.0YPD medium at a density of 1-2 x 10 cells/mi. Three to four hours
later, cells were examined microscopically for formation of mating structures.
Quantitative matings were done by plating serial dilutions of logarithmically
growing cells onto SD plates containing a lawn of either 216 or 217 mating
type tester strains to determine diploid formation. Serial dilutions were also
plated onto YPD plates to determine total cell number. Heat shock assays
were performed by diluting stationary cultures (4-5 days in YPD at 30° C)
to 1 x 108 cells/mi in water, subjecting them to 54° C for 5 min, cooling
them quickly on ice and plating serial dilutions on YPD plates to determine
viability.
CYC1protein isolation and sequencing
Iso- 1-cytochrome c was isolated and sequenced as previously described
(Moerschell et al., 1988).
Northern blots and RNA probes
RNA was isolated according to standard procedures (Nasmyth, 1983) and
Northernblots were performed as previously described (Brilland Stemglanz,
1988). The a2/a2 probe, pGEM3B-a2, was constructed by inserting a 2.3 kbXbaI-HindUl fragment from AATa into the XbaI-HindI cut pGEM3Blue
riboprobe vector (Promega, Madison, WI). This plasmid was linearized
with HindmIand anti-sense RNA was generated using T7 RNA polymerase.
This riboprobe also anneals to a2 transcripts. The SIR2 probe, pGEM3B-SIR2, was constructed by inserting a 2.0 kb BgllI-HindIIIfragment from
the SIR2 gene into BamHI-HindIH cut pGEM3Blue.This plasmid was
linearized with Hindlll and anti-sense RNA was generated with T7 RNA
polymerase. The SIR2 fragment used also contains a small part of the NAT]
gene, so riboprobes generated by T7 RNA polymerase are able to anneal
weakly to NAT] transcripts as well as to SIR2 transcripts.
3H-Labeling of yeast histones
Cells were grown in 100 ml YPD to 2 x 107cells/mland made intospheroplasts by standard techniques (Sherman et al., 1986). Spheroplastswere resuspended in 2 mllabeling buffer, incubated with 2 mCi [3H]acetate
(Amersham, 2-5 Ci/mmol) according to Nelson (1982), in the presenceof 100 jtg/micycloheximide (Sigma). Pelleted spheroplasts were resuspendedin ice-cold NIB (Alonso and Nelson, 1986) with a Triton X-100 concentration
2074
J.R.Mullen et al.
involved in these pathways may be uncovered. The nat] andardl mutants and genes also should prove useful indetermining the specificity of action of this N-terminalacetyltransferase.
Materials and methods
Yeast strains, media and strain manipulationsYeast were grown at 30° C in either YPD medium or in SD medium plusappropriate supplements (Sherman et al., 1986). Cells were transformedby standard spheroplasting techniques (Sherman et al., 1986). Diploidconstruction, sporulation, tetrad dissection and analysis were done by standardmethods (Sherman et al., 1986). The following strains were used: YS7p/4d:MATa ade2 ura3 leu2 trpi his3; MCSY3 14: MATa ade ural-J tys2-1 thr4met4-1 cani-100 nati-l; W303-la: MATa ade2-1 ura3-1 his3-11 trpl-lleu2-3,112 canl-100; AMR1: Isogenic to W303-la plus natl-S:: LEU2;J24: MATa ade] ade2 ural his7 lys2 tyri gall-i rnaJJIS; 9-3A: MATa ura3leu2 his3; 9-4D: isogenic to 9-3A plus ardl:: URA3 (Whiteway et al., 1987);RS19: MATa sirl-] sir3:: LEU2 ade6 arg4 leu2 trpl RMEI; DFI: MATaade2 ura3-52 trpI- Ilys2 his3 his71eu22-3,112 NATI:: LEU2; DF2: MATaade2-101 ura leu2-3,112 tyri his nall'5 lys2; 216: MATa his]; 217: MATaehis]; B-7470: MATcx CYCI-793 cyc7-671ys5-IOura3-52; B-7658: isogenicto B-7470 plus natl-3 :: URA3.
Null mutations and plasmids
The natl-3:: URA3 null mutation was constructed by deleting a HindUIfragment from the NAT] coding sequence (see Figure 1) and inserting a1.1 kb Hindmfragment containing the URA3 gene. The mutation was placedin the genome by gene transplacement (Rothstein, 1983). The constructionof the natl-5:: LEU2 null mutation is described in the Results. M33p5 (agift from M.Whiteway) contains the ARD] gene cloned behind theconstitutive ADH promoter in a 2 jsm based URA3 vector (Vernet et al.,1987). pJM 124 contains a functional NAT] gene (coding for the first 11amino acids of phage T7 gene 10 protein plus four amino acids from linker
sequences, followed by amino acids 7-853 of NAT]) cloned behind theADH promoter in a 2 Atm based LEU2-d plasmid (Vernet et al., 1987).
Extracts and acetyltransferase assaysIn the original screen for a histone acetyltransferasemutant, cells were grownin 20 ml of YPD to a density of 1 x 107cells/ml, pelleted, resuspendedin 1 mlassay buffer (75 mM Tris pH 8.2, 150mM NaCl, 0.1mM EDTA,2 mM Il-mercaptoethanol), and vortexed with an equal volume of glass beadsin 30s pulses alternated with 1 minon ice for a total vortexing time of 4
min. Disrupted cells were centrifuged at 12 000 g for 10 minand pellets
were resuspended in 0.225 mi assay buffer. Aliquots containing 0.5 mgtotal protein (Lowry et al., 1951) were used in assays (Travis et al., 1984).After the original screening, NAT assays including those shown in Tables
I, III and IV, were done in the following manner. Strains were grown in50 mlof YPD to 2 x 108 cells/ml or in 100 ml of minimal medium to
1 X 108 cells/ml. Cells were pelleted, washed once with water, and madeinto spheroplasts using the protocol of Celniker and Campbell (1982). Allmanipulations from this point on were done at 4° C or on ice. Spheroplastswere transferred to Eppendorf tubes, washed with 1 ml of Buffer A (Celnikerand Campbell, 1982) and pelleted. Nuclei were released by homogeniza-tion (30 strokes of a micro-pestle) in 0.1 ml Buffer A and pelleted in amicrofuge. Nuclei were lysed by addition of 0.2 ml of NAT YLB [20 mMTris pH 7.4, 10% glycerol, 1M NaCl, 1mM EDTA, 1mM DTT, 1mMPMSF]. After brief vortexing, the crude nuclear lysates were centrifugedfor 10 minin a cold microfuge, and the supernatants used for assays. OneAl of crude extract (containing between 3 and 7 jig protein/jil) was usedper 50 A1assay. Assay conditions were those of Travis et al. (1984) exceptthat extracts were placed at 45ot for 8 minjust prior to assaying. Assayswere at 25° C for 20 min. Reactions were stopped by the addition of 1.5 mlof cold 20% TCA. Precipitated proteins were collected on glass fiber filters(Schleicher and Schuell), washed twice with 5% TCA, once with methanol,dried and counted.
Mapping of NAT1, SIR2 and RNA 11The linkage of NATIand TRPIwas established by crossing strain MCSY314to YS7p/4d. The resulting tetrads were scored for the nat]-lmutation (bythe in vitro acetyltransferase assay) and for tryptophan auxotrophy by replicaplating. The linkage of NAT] and RNAIIwas established by crossinganat]-lmutant strain to J24. The resulting haploid progeny were analyzedfor both acetyltransferase activity in vitro and for temperature sensitivity.The map order of the three genes NAT], SIR2 and RNAIIwith respectto the centromere of chromosome IV was determined by inserting the LEU2
gene into the X7oI site furthest upstream from NAT] (see Figure 1), and
replacing wild-type DNA with this marked DNA by gene transplacement
(Rothstein, 1983). This haploid strain, DF1 (constructed by D.Fossaceca),
was then mated to an appropriately marked strain, DF2, creating a diploid
which was heterozygous for the three markers: rnall', trpi and LEU2
(marking the region upstream of NAT]). This diploid was sporulated and
the resulting tetrads analyzed for crossovers between LEU2 (NAT]) andrnallS. Analysis of 157 tetrads resulted in five crossovers between the
marked region upstream of NAT] and ,nallS. In all five cases, LEU2
(NAT]) remained parental with respect to TRPI, while RNA]I became
tetratype with respect to both TRPI and LEU2 (NAT]), indicating that the
map order is RNAII-SIR2-NATI-CENIV-TRPI, as shown in Figure 1.
Sequencing of NAT1 and homology search
Overlapping restriction fragments from the NAT] coding region were
subcloned into either M13mplO or M13mpl 1 (Messing and Vieira, 1982)
permitting sequencing of both strands. Sequence analysis of the subclones
was carried out by the dideoxy method of Sanger et al. (1977).
The NAT] sequence was compared to every sequence in the Protein
Identification Resource databases (PIR, National Biomedical Research
Foundation, 3900 Reservoir Road, N.W., Washington, DC 20007). These
included PSQ (release 14.0, comprising 4721 sequences with a total of
1 118 494 residues) and New (release 31.0, comprising 1697 sequences
with a total of 393 114 residues). Sequence alignments were peformed using
the BESTFIT program of the GCG sequence analysis package (University
of Wisconsin Genetics Computer Group, U. of W. Biotechnology Center,
1710 University Ave., University of Wisconsin, Madison, WI, 53705). A
variety of gap (G) and gap length (L) penalties were examined: G = 2.0,
5.0, and 7.5; L = 0.0, 0.05, 0.1, and 1.0. Sequence alignments between
individual protein sequences, as opposed to searches of the PIR databases,
were performed both with the entire sequence and with 50- or 100-residue
segments of one of the sequences. Profile analysis was carried out by the
method of Gribskov et al. (1987), using logarithmic weighting applied
uniformly to each sequence used to generate the profile. Searches of the
PIR databases were repeated three times with different values of gap and
gap length weights: 3.0, 0.1 (G,L); 5.0, 0.05; and 10.0, 0.0.
Phenotype tests
a-Factor sensitivity was determined by adding a-factor (Sigma) to a final
concentration of 5 ,g/mlto logarithmically frowing yeast cultures in pH 5.0YPD medium at a density of 1-2 x 10 cells/mi. Three to four hours
later, cells were examined microscopically for formation of mating structures.
Quantitative matings were done by plating serial dilutions of logarithmically
growing cells onto SD plates containing a lawn of either 216 or 217 mating
type tester strains to determine diploid formation. Serial dilutions were also
plated onto YPD plates to determine total cell number. Heat shock assays
were performed by diluting stationary cultures (4-5 days in YPD at 30° C)
to 1 x 108 cells/mi in water, subjecting them to 54° C for 5 min, cooling
them quickly on ice and plating serial dilutions on YPD plates to determine
viability.
CYC1protein isolation and sequencing
Iso- 1-cytochrome c was isolated and sequenced as previously described
(Moerschell et al., 1988).
Northern blots and RNA probes
RNA was isolated according to standard procedures (Nasmyth, 1983) and
Northernblots were performed as previously described (Brilland Stemglanz,
1988). The a2/a2 probe, pGEM3B-a2, was constructed by inserting a 2.3 kbXbaI-HindUl fragment from AATa into the XbaI-HindI cut pGEM3Blue
riboprobe vector (Promega, Madison, WI). This plasmid was linearized
with HindmIand anti-sense RNA was generated using T7 RNA polymerase.
This riboprobe also anneals to a2 transcripts. The SIR2 probe, pGEM3B-SIR2, was constructed by inserting a 2.0 kb BgllI-HindIIIfragment from
the SIR2 gene into BamHI-HindIH cut pGEM3Blue.This plasmid was
linearized with Hindlll and anti-sense RNA was generated with T7 RNA
polymerase. The SIR2 fragment used also contains a small part of the NAT]
gene, so riboprobes generated by T7 RNA polymerase are able to anneal
weakly to NAT] transcripts as well as to SIR2 transcripts.
3H-Labeling of yeast histones
Cells were grown in 100 ml YPD to 2 x 107cells/mland made intospheroplasts by standard techniques (Sherman et al., 1986). Spheroplastswere resuspended in 2 mllabeling buffer, incubated with 2 mCi [3H]acetate
(Amersham, 2-5 Ci/mmol) according to Nelson (1982), in the presenceof 100 jtg/micycloheximide (Sigma). Pelleted spheroplasts were resuspendedin ice-cold NIB (Alonso and Nelson, 1986) with a Triton X-100 concentration
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involved in these pathways may be uncovered. The nat] andardl mutants and genes also should prove useful indetermining the specificity of action of this N-terminalacetyltransferase.
Materials and methods
Yeast strains, media and strain manipulationsYeast were grown at 30° C in either YPD medium or in SD medium plusappropriate supplements (Sherman et al., 1986). Cells were transformedby standard spheroplasting techniques (Sherman et al., 1986). Diploidconstruction, sporulation, tetrad dissection and analysis were done by standardmethods (Sherman et al., 1986). The following strains were used: YS7p/4d:MATa ade2 ura3 leu2 trpi his3; MCSY3 14: MATa ade ural-J tys2-1 thr4met4-1 cani-100 nati-l; W303-la: MATa ade2-1 ura3-1 his3-11 trpl-lleu2-3,112 canl-100; AMR1: Isogenic to W303-la plus natl-S:: LEU2;J24: MATa ade] ade2 ural his7 lys2 tyri gall-i rnaJJIS; 9-3A: MATa ura3leu2 his3; 9-4D: isogenic to 9-3A plus ardl:: URA3 (Whiteway et al., 1987);RS19: MATa sirl-] sir3:: LEU2 ade6 arg4 leu2 trpl RMEI; DFI: MATaade2 ura3-52 trpI- Ilys2 his3 his71eu22-3,112 NATI:: LEU2; DF2: MATaade2-101 ura leu2-3,112 tyri his nall'5 lys2; 216: MATa his]; 217: MATaehis]; B-7470: MATcx CYCI-793 cyc7-671ys5-IOura3-52; B-7658: isogenicto B-7470 plus natl-3 :: URA3.
Null mutations and plasmids
The natl-3:: URA3 null mutation was constructed by deleting a HindUIfragment from the NAT] coding sequence (see Figure 1) and inserting a1.1 kb Hindmfragment containing the URA3 gene. The mutation was placedin the genome by gene transplacement (Rothstein, 1983). The constructionof the natl-5:: LEU2 null mutation is described in the Results. M33p5 (agift from M.Whiteway) contains the ARD] gene cloned behind theconstitutive ADH promoter in a 2 jsm based URA3 vector (Vernet et al.,1987). pJM 124 contains a functional NAT] gene (coding for the first 11amino acids of phage T7 gene 10 protein plus four amino acids from linker
sequences, followed by amino acids 7-853 of NAT]) cloned behind theADH promoter in a 2 Atm based LEU2-d plasmid (Vernet et al., 1987).
Extracts and acetyltransferase assaysIn the original screen for a histone acetyltransferasemutant, cells were grownin 20 ml of YPD to a density of 1 x 107cells/ml, pelleted, resuspendedin 1 mlassay buffer (75 mM Tris pH 8.2, 150mM NaCl, 0.1mM EDTA,2 mM Il-mercaptoethanol), and vortexed with an equal volume of glass beadsin 30s pulses alternated with 1 minon ice for a total vortexing time of 4
min. Disrupted cells were centrifuged at 12 000 g for 10 minand pellets
were resuspended in 0.225 mi assay buffer. Aliquots containing 0.5 mgtotal protein (Lowry et al., 1951) were used in assays (Travis et al., 1984).After the original screening, NAT assays including those shown in Tables
I, III and IV, were done in the following manner. Strains were grown in50 mlof YPD to 2 x 108 cells/ml or in 100 ml of minimal medium to
1 X 108 cells/ml. Cells were pelleted, washed once with water, and madeinto spheroplasts using the protocol of Celniker and Campbell (1982). Allmanipulations from this point on were done at 4° C or on ice. Spheroplastswere transferred to Eppendorf tubes, washed with 1 ml of Buffer A (Celnikerand Campbell, 1982) and pelleted. Nuclei were released by homogeniza-tion (30 strokes of a micro-pestle) in 0.1 ml Buffer A and pelleted in amicrofuge. Nuclei were lysed by addition of 0.2 ml of NAT YLB [20 mMTris pH 7.4, 10% glycerol, 1M NaCl, 1mM EDTA, 1mM DTT, 1mMPMSF]. After brief vortexing, the crude nuclear lysates were centrifugedfor 10 minin a cold microfuge, and the supernatants used for assays. OneAl of crude extract (containing between 3 and 7 jig protein/jil) was usedper 50 A1assay. Assay conditions were those of Travis et al. (1984) exceptthat extracts were placed at 45ot for 8 minjust prior to assaying. Assayswere at 25° C for 20 min. Reactions were stopped by the addition of 1.5 mlof cold 20% TCA. Precipitated proteins were collected on glass fiber filters(Schleicher and Schuell), washed twice with 5% TCA, once with methanol,dried and counted.
Mapping of NAT1, SIR2 and RNA 11The linkage of NATIand TRPIwas established by crossing strain MCSY314to YS7p/4d. The resulting tetrads were scored for the nat]-lmutation (bythe in vitro acetyltransferase assay) and for tryptophan auxotrophy by replicaplating. The linkage of NAT] and RNAIIwas established by crossinganat]-lmutant strain to J24. The resulting haploid progeny were analyzedfor both acetyltransferase activity in vitro and for temperature sensitivity.The map order of the three genes NAT], SIR2 and RNAIIwith respectto the centromere of chromosome IV was determined by inserting the LEU2
gene into the X7oI site furthest upstream from NAT] (see Figure 1), and
replacing wild-type DNA with this marked DNA by gene transplacement
(Rothstein, 1983). This haploid strain, DF1 (constructed by D.Fossaceca),
was then mated to an appropriately marked strain, DF2, creating a diploid
which was heterozygous for the three markers: rnall', trpi and LEU2
(marking the region upstream of NAT]). This diploid was sporulated and
the resulting tetrads analyzed for crossovers between LEU2 (NAT]) andrnallS. Analysis of 157 tetrads resulted in five crossovers between the
marked region upstream of NAT] and ,nallS. In all five cases, LEU2
(NAT]) remained parental with respect to TRPI, while RNA]I became
tetratype with respect to both TRPI and LEU2 (NAT]), indicating that the
map order is RNAII-SIR2-NATI-CENIV-TRPI, as shown in Figure 1.
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permitting sequencing of both strands. Sequence analysis of the subclones
was carried out by the dideoxy method of Sanger et al. (1977).
The NAT] sequence was compared to every sequence in the Protein
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gap length weights: 3.0, 0.1 (G,L); 5.0, 0.05; and 10.0, 0.0.
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growing cells onto SD plates containing a lawn of either 216 or 217 mating
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1988). The a2/a2 probe, pGEM3B-a2, was constructed by inserting a 2.3 kbXbaI-HindUl fragment from AATa into the XbaI-HindI cut pGEM3Blue
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with HindmIand anti-sense RNA was generated using T7 RNA polymerase.
This riboprobe also anneals to a2 transcripts. The SIR2 probe, pGEM3B-SIR2, was constructed by inserting a 2.0 kb BgllI-HindIIIfragment from
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linearized with Hindlll and anti-sense RNA was generated with T7 RNA
polymerase. The SIR2 fragment used also contains a small part of the NAT]
gene, so riboprobes generated by T7 RNA polymerase are able to anneal
weakly to NAT] transcripts as well as to SIR2 transcripts.
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involved in these pathways may be uncovered. The nat] andardl mutants and genes also should prove useful indetermining the specificity of action of this N-terminalacetyltransferase.
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Mapping of NAT1, SIR2 and RNA 11The linkage of NATIand TRPIwas established by crossing strain MCSY314to YS7p/4d. The resulting tetrads were scored for the nat]-lmutation (bythe in vitro acetyltransferase assay) and for tryptophan auxotrophy by replicaplating. The linkage of NAT] and RNAIIwas established by crossinganat]-lmutant strain to J24. The resulting haploid progeny were analyzedfor both acetyltransferase activity in vitro and for temperature sensitivity.The map order of the three genes NAT], SIR2 and RNAIIwith respectto the centromere of chromosome IV was determined by inserting the LEU2
gene into the X7oI site furthest upstream from NAT] (see Figure 1), and
replacing wild-type DNA with this marked DNA by gene transplacement
(Rothstein, 1983). This haploid strain, DF1 (constructed by D.Fossaceca),
was then mated to an appropriately marked strain, DF2, creating a diploid
which was heterozygous for the three markers: rnall', trpi and LEU2
(marking the region upstream of NAT]). This diploid was sporulated and
the resulting tetrads analyzed for crossovers between LEU2 (NAT]) andrnallS. Analysis of 157 tetrads resulted in five crossovers between the
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tetratype with respect to both TRPI and LEU2 (NAT]), indicating that the
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was carried out by the dideoxy method of Sanger et al. (1977).
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Iso- 1-cytochrome c was isolated and sequenced as previously described
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linearized with Hindlll and anti-sense RNA was generated with T7 RNA
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gene, so riboprobes generated by T7 RNA polymerase are able to anneal
weakly to NAT] transcripts as well as to SIR2 transcripts.
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involved in these pathways may be uncovered. The nat] andardl mutants and genes also should prove useful indetermining the specificity of action of this N-terminalacetyltransferase.
Materials and methods
Yeast strains, media and strain manipulationsYeast were grown at 30° C in either YPD medium or in SD medium plusappropriate supplements (Sherman et al., 1986). Cells were transformedby standard spheroplasting techniques (Sherman et al., 1986). Diploidconstruction, sporulation, tetrad dissection and analysis were done by standardmethods (Sherman et al., 1986). The following strains were used: YS7p/4d:MATa ade2 ura3 leu2 trpi his3; MCSY3 14: MATa ade ural-J tys2-1 thr4met4-1 cani-100 nati-l; W303-la: MATa ade2-1 ura3-1 his3-11 trpl-lleu2-3,112 canl-100; AMR1: Isogenic to W303-la plus natl-S:: LEU2;J24: MATa ade] ade2 ural his7 lys2 tyri gall-i rnaJJIS; 9-3A: MATa ura3leu2 his3; 9-4D: isogenic to 9-3A plus ardl:: URA3 (Whiteway et al., 1987);RS19: MATa sirl-] sir3:: LEU2 ade6 arg4 leu2 trpl RMEI; DFI: MATaade2 ura3-52 trpI- Ilys2 his3 his71eu22-3,112 NATI:: LEU2; DF2: MATaade2-101 ura leu2-3,112 tyri his nall'5 lys2; 216: MATa his]; 217: MATaehis]; B-7470: MATcx CYCI-793 cyc7-671ys5-IOura3-52; B-7658: isogenicto B-7470 plus natl-3 :: URA3.
Null mutations and plasmids
The natl-3:: URA3 null mutation was constructed by deleting a HindUIfragment from the NAT] coding sequence (see Figure 1) and inserting a1.1 kb Hindmfragment containing the URA3 gene. The mutation was placedin the genome by gene transplacement (Rothstein, 1983). The constructionof the natl-5:: LEU2 null mutation is described in the Results. M33p5 (agift from M.Whiteway) contains the ARD] gene cloned behind theconstitutive ADH promoter in a 2 jsm based URA3 vector (Vernet et al.,1987). pJM 124 contains a functional NAT] gene (coding for the first 11amino acids of phage T7 gene 10 protein plus four amino acids from linker
sequences, followed by amino acids 7-853 of NAT]) cloned behind theADH promoter in a 2 Atm based LEU2-d plasmid (Vernet et al., 1987).
Extracts and acetyltransferase assaysIn the original screen for a histone acetyltransferasemutant, cells were grownin 20 ml of YPD to a density of 1 x 107cells/ml, pelleted, resuspendedin 1 mlassay buffer (75 mM Tris pH 8.2, 150mM NaCl, 0.1mM EDTA,2 mM Il-mercaptoethanol), and vortexed with an equal volume of glass beadsin 30s pulses alternated with 1 minon ice for a total vortexing time of 4
min. Disrupted cells were centrifuged at 12 000 g for 10 minand pellets
were resuspended in 0.225 mi assay buffer. Aliquots containing 0.5 mgtotal protein (Lowry et al., 1951) were used in assays (Travis et al., 1984).After the original screening, NAT assays including those shown in Tables
I, III and IV, were done in the following manner. Strains were grown in50 mlof YPD to 2 x 108 cells/ml or in 100 ml of minimal medium to
1 X 108 cells/ml. Cells were pelleted, washed once with water, and madeinto spheroplasts using the protocol of Celniker and Campbell (1982). Allmanipulations from this point on were done at 4° C or on ice. Spheroplastswere transferred to Eppendorf tubes, washed with 1 ml of Buffer A (Celnikerand Campbell, 1982) and pelleted. Nuclei were released by homogeniza-tion (30 strokes of a micro-pestle) in 0.1 ml Buffer A and pelleted in amicrofuge. Nuclei were lysed by addition of 0.2 ml of NAT YLB [20 mMTris pH 7.4, 10% glycerol, 1M NaCl, 1mM EDTA, 1mM DTT, 1mMPMSF]. After brief vortexing, the crude nuclear lysates were centrifugedfor 10 minin a cold microfuge, and the supernatants used for assays. OneAl of crude extract (containing between 3 and 7 jig protein/jil) was usedper 50 A1assay. Assay conditions were those of Travis et al. (1984) exceptthat extracts were placed at 45ot for 8 minjust prior to assaying. Assayswere at 25° C for 20 min. Reactions were stopped by the addition of 1.5 mlof cold 20% TCA. Precipitated proteins were collected on glass fiber filters(Schleicher and Schuell), washed twice with 5% TCA, once with methanol,dried and counted.
Mapping of NAT1, SIR2 and RNA 11The linkage of NATIand TRPIwas established by crossing strain MCSY314to YS7p/4d. The resulting tetrads were scored for the nat]-lmutation (bythe in vitro acetyltransferase assay) and for tryptophan auxotrophy by replicaplating. The linkage of NAT] and RNAIIwas established by crossinganat]-lmutant strain to J24. The resulting haploid progeny were analyzedfor both acetyltransferase activity in vitro and for temperature sensitivity.The map order of the three genes NAT], SIR2 and RNAIIwith respectto the centromere of chromosome IV was determined by inserting the LEU2
gene into the X7oI site furthest upstream from NAT] (see Figure 1), and
replacing wild-type DNA with this marked DNA by gene transplacement
(Rothstein, 1983). This haploid strain, DF1 (constructed by D.Fossaceca),
was then mated to an appropriately marked strain, DF2, creating a diploid
which was heterozygous for the three markers: rnall', trpi and LEU2
(marking the region upstream of NAT]). This diploid was sporulated and
the resulting tetrads analyzed for crossovers between LEU2 (NAT]) andrnallS. Analysis of 157 tetrads resulted in five crossovers between the
marked region upstream of NAT] and ,nallS. In all five cases, LEU2
(NAT]) remained parental with respect to TRPI, while RNA]I became
tetratype with respect to both TRPI and LEU2 (NAT]), indicating that the
map order is RNAII-SIR2-NATI-CENIV-TRPI, as shown in Figure 1.
Sequencing of NAT1 and homology search
Overlapping restriction fragments from the NAT] coding region were
subcloned into either M13mplO or M13mpl 1 (Messing and Vieira, 1982)
permitting sequencing of both strands. Sequence analysis of the subclones
was carried out by the dideoxy method of Sanger et al. (1977).
The NAT] sequence was compared to every sequence in the Protein
Identification Resource databases (PIR, National Biomedical Research
Foundation, 3900 Reservoir Road, N.W., Washington, DC 20007). These
included PSQ (release 14.0, comprising 4721 sequences with a total of
1 118 494 residues) and New (release 31.0, comprising 1697 sequences
with a total of 393 114 residues). Sequence alignments were peformed using
the BESTFIT program of the GCG sequence analysis package (University
of Wisconsin Genetics Computer Group, U. of W. Biotechnology Center,
1710 University Ave., University of Wisconsin, Madison, WI, 53705). A
variety of gap (G) and gap length (L) penalties were examined: G = 2.0,
5.0, and 7.5; L = 0.0, 0.05, 0.1, and 1.0. Sequence alignments between
individual protein sequences, as opposed to searches of the PIR databases,
were performed both with the entire sequence and with 50- or 100-residue
segments of one of the sequences. Profile analysis was carried out by the
method of Gribskov et al. (1987), using logarithmic weighting applied
uniformly to each sequence used to generate the profile. Searches of the
PIR databases were repeated three times with different values of gap and
gap length weights: 3.0, 0.1 (G,L); 5.0, 0.05; and 10.0, 0.0.
Phenotype tests
a-Factor sensitivity was determined by adding a-factor (Sigma) to a final
concentration of 5 ,g/mlto logarithmically frowing yeast cultures in pH 5.0YPD medium at a density of 1-2 x 10 cells/mi. Three to four hours
later, cells were examined microscopically for formation of mating structures.
Quantitative matings were done by plating serial dilutions of logarithmically
growing cells onto SD plates containing a lawn of either 216 or 217 mating
type tester strains to determine diploid formation. Serial dilutions were also
plated onto YPD plates to determine total cell number. Heat shock assays
were performed by diluting stationary cultures (4-5 days in YPD at 30° C)
to 1 x 108 cells/mi in water, subjecting them to 54° C for 5 min, cooling
them quickly on ice and plating serial dilutions on YPD plates to determine
viability.
CYC1protein isolation and sequencing
Iso- 1-cytochrome c was isolated and sequenced as previously described
(Moerschell et al., 1988).
Northern blots and RNA probes
RNA was isolated according to standard procedures (Nasmyth, 1983) and
Northernblots were performed as previously described (Brilland Stemglanz,
1988). The a2/a2 probe, pGEM3B-a2, was constructed by inserting a 2.3 kbXbaI-HindUl fragment from AATa into the XbaI-HindI cut pGEM3Blue
riboprobe vector (Promega, Madison, WI). This plasmid was linearized
with HindmIand anti-sense RNA was generated using T7 RNA polymerase.
This riboprobe also anneals to a2 transcripts. The SIR2 probe, pGEM3B-SIR2, was constructed by inserting a 2.0 kb BgllI-HindIIIfragment from
the SIR2 gene into BamHI-HindIH cut pGEM3Blue.This plasmid was
linearized with Hindlll and anti-sense RNA was generated with T7 RNA
polymerase. The SIR2 fragment used also contains a small part of the NAT]
gene, so riboprobes generated by T7 RNA polymerase are able to anneal
weakly to NAT] transcripts as well as to SIR2 transcripts.
3H-Labeling of yeast histones
Cells were grown in 100 ml YPD to 2 x 107cells/mland made intospheroplasts by standard techniques (Sherman et al., 1986). Spheroplastswere resuspended in 2 mllabeling buffer, incubated with 2 mCi [3H]acetate
(Amersham, 2-5 Ci/mmol) according to Nelson (1982), in the presenceof 100 jtg/micycloheximide (Sigma). Pelleted spheroplasts were resuspendedin ice-cold NIB (Alonso and Nelson, 1986) with a Triton X-100 concentration
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involved in these pathways may be uncovered. The nat] andardl mutants and genes also should prove useful indetermining the specificity of action of this N-terminalacetyltransferase.
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the resulting tetrads analyzed for crossovers between LEU2 (NAT]) andrnallS. Analysis of 157 tetrads resulted in five crossovers between the
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of 0.5%. Spheroplasts were incubated for 15-30 min on ice and pelleted
(5500 g) for 8 min at 4° C. NIB incubation followed by pelleting was repeated
twice. The crude nuclear pellet was resuspended in cold 100 mM Tris pH
6.8, 0.4 M NaCl, 1 mM PMSF and incubated for 10 min on ice. Nuclei
were pelleted (5500 g, 8 min, 4° C) and the salt wash was repeated with
a 5 min incubation on ice. Pelleted nuclei were then resuspended in 1.35ml cold water containing 1 mM PMSF. One tenth volume (0.15 ml) of
4 N H2SO4 was added while swirling and the histones were extracted on
ice overnight. Slurries were centrifuged 10 min at 12 000 g at 40C.Supernatants were transferred to 15 ml Falcon tubes, filled with coldacetone/HCI (acetone:5 M HCI, 99:1), mixed, and put at -20° C overnight.
Histones were pelleted at 10 000 g for 10 min. Pellets were lyophilized
and resuspended in loading buffer for Triton-acid-urea gels.
Triton - acid - urea gels
12% Acrylamide (30:0.2) gels (13 cm long, 14 cm wide, 1.5 mm thick)
were made containing 8 M urea (IBI), 0.37% Triton X-100, 0.9 N acetic
acid, 0.125% ammonium persulfate, and 0.125% TEMED (Alfageme et
al., 1974; Zweidler, 1978). After polymerization, gels were pre-
electrophoresed for at least 6 h at 150 V, until amperage was constant. Wells
were loaded with 1 M cysteamine (Sigma), 8 M urea, 0.9 N acetic acid
and the gels were electrophoresed for another hour at 150 V. Wells were
cleaned and fresh buffer was placed in both upper and lower chambers.
Histones in loading buffer (8 M urea, 10% glycerol, 0.9 N acetic acid,
5% BME, 0.25% methyl green) were boiled for 5 min, cooled and loaded
on gels. Histones were electrophoresed at 115 - 125 V for 19-21 h, until
the blue component of the dye was at the bottom of the gel. Gels were stained
with Coomassie Blue R (Sigma) and prepared for fluorography (Bonner
and Laskey, 1974; Laskey and Mills, 1975).
[35S]Methionine labeling of proteins
Strains were grown overnight in supplemented SD medium lacking
methionine and then diluted to a density of -5 x 106 cells/mi. When the
culture reached -2 x 107 cells/ml, 1 ml of cells was labeled with 0.1 mCi
of [35S]methionine (Dupont) for 15 min at 30° C. Labeled cells were
transferred to an Eppendorf tube and washed twice with ice-cold water.
The cells were resuspended in 0.1 ml water and an equal volume of 0.45 Amglass beads was added. Cells were vortexed for 10 s and 0.1 ml of 0.6%
SDS, 2% BME, 100 mM Tris pH 8.0 (maintained at 100° C) was added.
The mixture was vortexed for 1 s and 0.1 ml was removed (avoiding glass
beads) and added to an Eppendorf tube on ice containing 10 Al RNase/DNasesolution (1 mg/mi DNase, 0.5 mg/ml RNase, 500mM Tris pH 7.0,50 mMMgCl2). Protein samples were incubated for 1 min on ice and then frozen
at -700C.
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N-Terminal acetylation
of 0.5%. Spheroplasts were incubated for 15-30 min on ice and pelleted
(5500 g) for 8 min at 4° C. NIB incubation followed by pelleting was repeated
twice. The crude nuclear pellet was resuspended in cold 100 mM Tris pH
6.8, 0.4 M NaCl, 1 mM PMSF and incubated for 10 min on ice. Nuclei
were pelleted (5500 g, 8 min, 4° C) and the salt wash was repeated with
a 5 min incubation on ice. Pelleted nuclei were then resuspended in 1.35ml cold water containing 1 mM PMSF. One tenth volume (0.15 ml) of
4 N H2SO4 was added while swirling and the histones were extracted on
ice overnight. Slurries were centrifuged 10 min at 12 000 g at 40C.Supernatants were transferred to 15 ml Falcon tubes, filled with coldacetone/HCI (acetone:5 M HCI, 99:1), mixed, and put at -20° C overnight.
Histones were pelleted at 10 000 g for 10 min. Pellets were lyophilized
and resuspended in loading buffer for Triton-acid-urea gels.
Triton - acid - urea gels
12% Acrylamide (30:0.2) gels (13 cm long, 14 cm wide, 1.5 mm thick)
were made containing 8 M urea (IBI), 0.37% Triton X-100, 0.9 N acetic
acid, 0.125% ammonium persulfate, and 0.125% TEMED (Alfageme et
al., 1974; Zweidler, 1978). After polymerization, gels were pre-
electrophoresed for at least 6 h at 150 V, until amperage was constant. Wells
were loaded with 1 M cysteamine (Sigma), 8 M urea, 0.9 N acetic acid
and the gels were electrophoresed for another hour at 150 V. Wells were
cleaned and fresh buffer was placed in both upper and lower chambers.
Histones in loading buffer (8 M urea, 10% glycerol, 0.9 N acetic acid,
5% BME, 0.25% methyl green) were boiled for 5 min, cooled and loaded
on gels. Histones were electrophoresed at 115 - 125 V for 19-21 h, until
the blue component of the dye was at the bottom of the gel. Gels were stained
with Coomassie Blue R (Sigma) and prepared for fluorography (Bonner
and Laskey, 1974; Laskey and Mills, 1975).
[35S]Methionine labeling of proteins
Strains were grown overnight in supplemented SD medium lacking
methionine and then diluted to a density of -5 x 106 cells/mi. When the
culture reached -2 x 107 cells/ml, 1 ml of cells was labeled with 0.1 mCi
of [35S]methionine (Dupont) for 15 min at 30° C. Labeled cells were
transferred to an Eppendorf tube and washed twice with ice-cold water.
The cells were resuspended in 0.1 ml water and an equal volume of 0.45 Amglass beads was added. Cells were vortexed for 10 s and 0.1 ml of 0.6%
SDS, 2% BME, 100 mM Tris pH 8.0 (maintained at 100° C) was added.
The mixture was vortexed for 1 s and 0.1 ml was removed (avoiding glass
beads) and added to an Eppendorf tube on ice containing 10 Al RNase/DNasesolution (1 mg/mi DNase, 0.5 mg/ml RNase, 500mM Tris pH 7.0,50 mMMgCl2). Protein samples were incubated for 1 min on ice and then frozen
at -700C.
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